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p. 928-30 


Sym- 


Ar A recent discussion of the Engi- 
neers’ Council for Professional De- 
velopment held at Cooper Union in 
New York City, a realization of the 
true position of the engineer in the 
existing social order was urged as a 
basis for a program of united action 
in improving the professional status of 
the engineer. p. 932-3 


Tue 50th anniversary of the found- 
ing of the A.I.E.E. occurs May 13, 
1934. Accordingly, the Institute’s 
board of directors and a_ specially 


* appointed committee are making plans 


for a fitting observance of that anni- 
versary. These include a special issue 
of ELECTRICAL ENGINEERING for next 
May. p. 931 


A SYMPOSIUM on switching at 
modern large generating plants is 
being arranged for the Institute’s 
1934 winter convention. Two of the 
papers in this symposium, describing 
switching facilities at plants in widely 
different sections of the country, are 
included in this issue. p. 826-30 and 
868-75 


CodprERATIVE study of the joint 
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service in the Staten Island, N. Y., 
area indicates that the safety of joint 
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tion can be made comparable with that 
of the 2,300-volt joint ‘construction 
now existing there. p. 890-8 


Tue action of electric filters may 
be more thoroughly understood by 
study of a mechanical analogy which 
has been developed to show the changes 
in magnitudes and phase relations of 
the current passing through a filter. 
p. 8138-6 


Transmission line voltages con- 
tinue to climb, led as before by the 
pioneering spirit of the West. Spurred 
by economic and other considerations, 
and reflecting directly the results of 
extensive laboratory research, the 
design for a new 275-kv line to carry 
power from Boulder Dam to the City 
of Los Angeles calls for the use of a 
segmental tubular copper conductor 
1.4 in. in diameter. p. 854-60 


Dierecreic research continues 
to show in its results a close inter- 
dependence of physics, chemistry, and 
practical experience in’ so far as the 
evolution of effective, economical elec- 
trical insulation is concerned. Current 
trends and extensive bibliographies are 
given in 38 reports presented before 
recent meetings of the N.R.C.’s com- 
mittee on electricalinsulation. p. 918- 
EL 


ENGINEERING studies of funda- 
mental factors involved in the design of 
electric energy delivery systems point 
to the “radial” system as being the 
best “all-around” system for areas of 
load densities too low to justify low 
voltage networks. p. 831-8 
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Sound Measurements Versus 
Observers’ Judgments of Loudness 


To test the ability of the ‘total noise’’ 
meter to give proper relative ratings for 
complex sounds of about the same level, 
but of materially different quality, a series 
of tests has been made wherein the noise 
measurements were compared directly with 
observers’ judgments of loudness. The re- 
sults showed surprisingly close agreement 
between the meter readings and the average 
judgments of a group of observers. The 
results show also the superiority of noise 
meter readings over the judgment of any 
single observer. 


By 


P. H. GEIGER E. J. ABBOTT 


Both of the University of Michigan, Ann Arbor 


A TYPE of soundmeter which ordi- 
narily is called a “‘total-noise’’ meter has come into 
extensive use during the past few years. Such a 
meter consists of a microphone, attenuator, ampli- 
fier, rectifier, and indicator meter. The over-all 
frequency response of the instrument is adjusted to 
conform to an “equal loudness contour’’ obtained 
from published data on psychological tests on a group 
of human ears (see ‘Direct Comparison of Loudness 
of Pure Tones,” by B. A. Kingsbury, Phys. Rev., 
v. 29, April 1927, p. 588). Five sound meters of this 
type were demonstrated at the Rochester meeting 
of the A.I.E.E. in May 1931 (see A.I.E.E. TRANS., 
v. 50, 1931, p. 1041-51; and ELEcTRICAL ENGINEER- 
ING, v. 50, May 1931, p. 342-4, 349-51) and they are 
now available commercially from several concerns. 

Total-noise meters of this type obviously give a 
correct indication of the loudness of steady pure tones 
of approximately the level to which the frequency- 
response of the instrument is adjusted. In accord- 
ance with Definition 3015, Journal of the Acoustical 
Society of America, v. II, Jan. 1931, p. 316, through- 
out this paper the term “loudness” means ‘‘—the 
magnitude of the sensation produced for the average 
normal ear.’’ In other words, loudness is not a 
meter measurement but is the average judgment of a 
group of observers. Unfortunately, single pure 
tones are practically non-existent in ordinary ex- 
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perience, and almost invariably the instruments are 
used to measure complex sounds. The question 
immediately arises as to whether the meter readings 
for complex sounds give a suitable measure of the 
loudness of such sounds as they appear to the aver- 
age ear. This article describes direct tests between 
meter readings and the judgments of a group of ob- 
servers under conditions and for sounds which were 
essentially practical. The authors were both sur- 
prised and pleased with the closeness of the agree- 
ment, and the results are presented herewith in the 
hope that they will be of interest to the various in- 
vestigators and committees working on this im- 
portant problem. 

Agreement between the loudness as determined by 
the observers and the total noise as measured by 
meter was so close that at first it might appear that 
a total-noise meter would be sufficient for practical 
purposes of sound and noise study, and that fre- 
quency analysis of the sound and measurement of the 
individual components would be required only for 
fundamental laboratory investigations. This idea 
is quite erroneous. In many practical problems, 
such as machinery noise reduction, for example, fre- 
quency analysis is absolutely essential; at the same 
time, in many laboratory investigations total-noise 
measurements furnish information that cannot be 
obtained by analysis. Space does not permit a dis- 
cussion here of the advantages and limitations of 
total-noise and frequency-analysis measurements. 
Both of these types of measurement are used freely 
in the University of Michigan laboratory; they are 
not regarded as alternate methods, but as mutually 
complementary. Whiie the data of this article deal 
only with total-noise measurements, this does not 
discount the value of frequency analysis in dealing 
with most practical problems. 

In connection with machinery noise studies in this 
laboratory the need for supplementing frequency 
analyses with some sort of single reading representa- 
tive of the integrated effects of all frequency com- 
ponents present led, in the fall of 1926, to the con- 
struction of a total-noise meter. This instrument 
was of the general type already mentioned. It con- 
sisted of a Western Electric condenser type trans- 
mitter, single stage preamplifier, volume control, 
amplifier, weighting network, rectifier, and indica- 
tor meter. For obtaining the data used in this paper 
the weighting network was adjusted so that the over- 
all frequency response corresponded to Kingsbury’s 
(loc. cut.) 60-db equal loudness contour. The in- 
dicator meter was a Weston one-milliampere model 
301 meter used in conjunction with a vacuum tube 
with condenser-grid leak rectification. It was recog- 
nized that this meter would not follow impulsive 
sounds; but, as will be explained presently, it was 
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Table I—Loudness Ratings by 5 Typical Individual Observers 
of a Group of 6 Vacuum Cleaners of Different Makes 


Average of 


Order of Rating Ratings by Individual Observers 21 Observers 
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The highest and lowest ratings of each machine are indicated by bold face type; 
cleaners designated by lower case letters. 


used with a sound chamber having a rotating re- 
flector so that a large grid condenser was used in 
order to average out short time variations, and no 
attempt was made to measure peak values. Tests 
of the rectifier with combinations of pure tones 
showed that the same reading was obtained on a 
steady combination of such tones as was obtained 
on a pure tone of the same rms value. 

For pure tones its readings, of course, agree with 
Kingsbury’s average observer. For complex tones 
it would not be expected to agree exactly with an 
observer, because of the peculiar behavior of the 
human ear in summing loudness components. (See 
“Relation Between the Loudness of a Sound and Its 
Physical Stimulus,” by J. C. Steinberg, Phys. Rev., 
waez0, Oct. 1925, p. 50/; and “Loudness: Its 
Definition, Measurement, and Calculation,” by 
Harvey Fletcher, a paper to be published in the 
Journal of the Acoustical Society of America.) To 
determine how closely the meter would check with 
actual observations, the experiments to be described 
were carried out in 1929. 

Comparisons were made between meter readings 
and the judgments of a group of observers in 3 
different experiments: 

1. The relative loudness and disagreeableness of the noise from a 


group of 6 vacuum cleaners of different makes and extremely differ- 
ent qualities of sound. 


2. The relative loudness of a group of 6 materially different types 
of sounds. 


3. The loudness of a group of 11 materially different sounds rated 
against a 1,000-cycle test tone. 


COMPARISON OF 6 VACUUM CLEANERS 


Listening tests of the 6 vacuum cleaners were 
made in the living room of a typical home. The 
cleaners were placed in an adjoining room which 
communicated with the observer’s room directly 
through an archway, and also through a second room 
with archways to both rooms. The observer could 
not see the cleaners, but he was provided with a 
switchboard by means of which he could start and 
stop any cleaner at will. He was instructed to rate 
the cleaners in order of loudness, making as many 
back and forth comparisons as desired. Following 
this, he was asked to repeat the experiment except 
that the rating was to be made on disagreeableness 
instead of loudness. In all, 21 observers were used, 
14 men and 7 women. Meter measurements, in- 
cluding both total-noise and frequency analyses were 
made in the laboratory with standard methods which 
will be described presently. 
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The most striking feature of the results is the 
disagreement between individual observers. In the 
loudness rating, 14 different groupings were obtained 
among the 21 observers, and in no case did more than 
4 observers make the same grouping. Only 1 of the 
21 observers made the same grouping as the average 
of the group. The disagreements were by no means 
small as is shown in Table I. Various observers 


Table II—Disagreeableness Ratings by 6 Typical Individual 
Observers of a Group of 6 Vacuum Cleaners of Different 
Makes 
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Average of 


Order of Rating Ratings by Individual Observers 21 Observers 
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The highest and lowest ratings of each machine are indicated by bold face type; 
cleaners designated by lower case letters. 


Table Ill—Averaged Ratings of 6 Vacuum Cleaners for 
Loudness and Disagreeableness 


Measured Loudness Scores 


Disagreeableness Scores 
Total Noise, Sn 


Men Women Total 


Cleaner Decibels Men Women Total 
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placed machines a, c, and e in all places from 1st 
to 4th, machine f from 2d to 5th and machines 6 
and d from 4th to 6th places. 

In the disagreeableness ratings, the differences 
were even greater. A total of 17 different groupings 
was obtained, and only 3 observers agreed on a single 
grouping. Typical results are shown in Table II. 
Machine a was rated from lst to 4th place; ma- 
chines c, e, and f, from lst to 5th place; machine 8, 
from 2d to 6th place; and machine d, from 4th to 
6th place. 

From these large differences it might appear at 
first that noise measurements have no meaning, but 
this is not the case. If these same data are averaged 
by counting 6 if the machine were rated lst, 5 if it 
were rated 2d, etc., the very close check shown in 
Table III is obtained. It may be observed that 
machines ¢ and e measured identically by meter, 
and that the average rating of the 14 men placed 
machine ¢ slightly above e, while the average of the 
7 women placed them in the opposite order by a very 
slight amount. These differences are negligible 
compared with the differences between other ma- 
chines, and this check is perfect within the accuracy 
of measurement. In all other cases, the meter 
readings, the average score of the men, the average 
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score of the women, and the combined average agreed 
perfectly. 

In other words, while individual observations have 
little meaning, the average of one group of observers 
_ checked the average of another group very closely, 
and the meter checked the results of both groups. 
This shows the immense superiority of meter meas- 
urements over the judgments of any single observer 
no matter how skilled he may be. 

It is interesting to note that the combined dis- 
agreeableness rating placed the machines in iden- 
tically the same order as the combined loudness rat- 
ing, although every individual observer made dif- 
ferent groupings. From frequency analyses, which 
were made of each sound, it is possible to deterinine 
_ just which components were disagreeable to each 
observer. Space does not permit a discussion of 
these points, but it appeared that certain observers 
found the lower frequencies most objectionable, 
while others found the higher frequencies most ob- 
jectionable. 

In this connection, the authors’ experience has 
been that the most important factor in determining 
the disagreeableness of a sound is whether or not 
_ the observer thinks it should sound the way it does. 
Often this is entirely unconscious, but it is none the 
less important. 


COMPARISON OF 6 DIFFERENT SOUNDS 


A second series of comparisons between meter 
readings and observers’ judgments was carried out 
in the sound chamber shown in Fig. 1. This room 
is 21x181/.x12'/. ft with hard walls, and contains 


INDICATOR 


AMPLIFIER 
ANALYZER 


CALIBRATION 
OSCILLATOR 


APPARATUS ROOM 


SOUND CHAMBER 
Fig. 1. Diagram of set-up used at the University of 


Michigan for sound measurement 


a large sheet iron reflector which rotates slowly in 
order to shift the sound wave patterns so that an 
average value can be obtained. The microphone is 
carried on the reflector as indicated, and the measur- 
ing equipment is located in an adjacent room. 
Because of the highly reflecting walls and the action 
of the revolving reflector, the sound pressure, aver- 
aged over a short period of time, is substantially the 
same at each point inthe room. For this reason, the 
relative locations of the observer, the microphone, 
and the source of sound have no effect on the results. 
This method was used to insure: (1) that the sound 
level at the microphone was the same as at the ob- 
server; (2) that differences in loudness resulting 
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from phase differences at the observers 2 ears would 
tend to be averaged out; and (8) that a direct test 
was made of exactly the method used by the authors 
for studying machinery noises. Excellent results 
have been obtained through the use of this method of 
eliminating the effects of the very troublesome wave 
patterns that always exist in sound measurement. 

Six different sounds were provided, an attempt 
being made to have them as diverse as possible, and 
of essentially a practical nature. These were: 


Ordinary electric buzzer. 
Ordinary electric bell. 


Typical vacuum cleaner. 


a | Ss 6 


Compressed air escaping from a hose. 


e. A rattler consisting of a cigar box partially filled with mis- 
cellaneous small pieces of metal, the whole being rotated about a 
horizontal axis at about 100 rpm. 


f. A sound generated by the interruption of a 60-cycle supply line 
by an overloaded raytheon type tube. The resulting voltage was 
amplified and supplied to a loud speaker. Analysis of the resultant 
sound showed various amounts of most ef the harmonics of 60 
cycles between 100 and 1,000 cycles. The speaker characteristics 
made those in the region of 300 to 600 cycles most prominent. 


The observer was placed in the sound chamber 
and provided with a set of switches that allowed him 
to start and stop any of the 6 sounds at will. No 
volume adjustment was provided. The observer 
was instructed to determine the order of loudness of 
these 6 sounds, making as many back and forth com- 
parisons as desired. Meter measurements of the 
levels of the various sounds were made simul- 
taneously with the aural observations. In these 
tests 20 different observers were used, about 1/3 of 
whom had participated also in the tests on vacuum 
cleaners some months previously. 

Here again the differences between individual 
observers were large; 15 different groupings were 
obtained, and none of them were the same as the 
average. Table IV shows a few typical ratings. 
Sound d (air) was rated all the way from 1st to 6th; 
sounds a (buzzer) and f (raytheon) from 1st to 5th; 
sounds e (rattler) and 0 (bell) from 2d to 5th; and 
sound c (cleaner) from 4th to 6th. 

However, when the combined ratings were com- 
puted as before, by counting 6 each time a given 
sound was rated Ist, 5 when it was rated 2d, etc., the 
comparison between the meter measurements and 
the observers’ ratings is as shown in Table V. Again 
the check is perfect. The primary practical re- 
quirement for a total-noise meter is to rate properly 
sounds of essentially the same loudness but of 
materially different quality. When the extreme 
differences in the qualities of these sounds and the 


Table IW—Loudness Ratings by 7 Typical Individual 
Observers of a Group of 6 Different Sounds 


Average of 
Order of Rating Ratings by Individual Observers 20 Observers 
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The highest and lowest ratings of each sound are indicated by bold face type. 
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comparatively small range of loudness are con- 
sidered, the check is truly remarkable. A great 
many people will hardly detect a change of 1 db in 
the loudness of a given sound even when the change 
is made quickly, and an individual often varies by 
more than 10 db in repeating loudness judgments. 
The entire range covered by these sounds is less than 
11 db and differences of the order of 1 to 11/2 db 
are rated accurately by meter in every case. 


COMPARISONS OF LOUDNESS 
AGAINST A 1,000-CycLE Test TONE 


About the time the previous test was made, 
various workers in the field of acoustics were discussing 
the specification of loudness in terms of the in- 


Table V—Comparison of the Ratings of 6 Noises as Given 
by Meter and by 20 Observers 


Total Noise as Observers’ 
Noise Measured, Decibels Scores 
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tensity of an equally loud 1,000-cycle note. [Epr- 
TOR’s Note: On June 26, 1933, the sectional com- 
mittee on acoustical measurements of the American 
Standards Association approved this method as a 
proposed standard method of determining the loud- 
ness of any sound. See “‘Noise Measurement Being 
Standardized,’ ELmrcTrICAL ENGINEERING, v. 52, 
November 1933, p. 741-6. ] 

In order to test this method, comparisons were 
made on the 6 sounds listed in the previous test, 
together with 5 additional sounds. All of these 
new sounds were produced electrically and were sup- 
plied to a loud speaker in the sound chamber. The 
reflector was rotated continuously to eliminate er- 


rors due to standing wave patterns. The 5 new 


sounds were: 


g. Speech from a phonograph record. 
h. Music from a phonograph record. 
1. 2,100-cycle note from an oscillator. 


j. Sound from raytheon circuit, same as sound f, except at lower 
level. 


k. Same as sound j, except at a still lower level. 


The observer was placed in the sound chamber 
as before, and was supplied with a double throw 
switch by means of which he could switch as often 
as he wished from the sound to be measured to the 
1,000-cycle test tone, which was introduced by a 
loud speaker. He was provided also with a volume 
control for the 1,000-cycle note; this he was in- 
structed to adjust until the loudness of the test tone 
was equal to that of the sound being measured. 
When that setting was obtained, he signalled the 
experimenter in the next room who then measured 
the levels of the 2 sounds. The same 20 observers 
were used for this test as were used for the preceding 
test. After about a month, measurements were 
repeated with 10 of the observers on 6 of the sounds. 

Again the results show striking individual differ- 
ences. The average discrepancy between the first 
and second observations by the same individual was 
5.1 db, with individual differences nearly 3 times as 
great. Table VI shows the maximum and minimum 
ratings made on each sound, by the same observer 
at different times (columns 4 and 5) and by the 
group of observers (columns 2 and 3). On the aver-. 
age, the estimates of the different observers covered 
a range of about 20 db on each sound, while the 
variations of single observers covered a range of 
about 10 db on each sound. In both cases the 
differences were distributed both above and below 
the meter readings. These data indicate that the 
differences in a given observer on different days are 
not materially different from those between different 
observers, a point which is in agreement with other 
tests made in this laboratory. 

Table VI shows also the average ratings of 2 
groups of 10 observers, the combined average, and 
the meter readings. The average discrepancy be- 


Table VI—Summary of Results Obtained by 20 Observers in Comparing the Loudness of Various Complex Sounds 
With a Pure 1,000-Cycle Note 


Measured Discrepancies Between Meter and Observers, Decibels* 
Loudness Average of Average of Average 
Level, All Observers Individual Observers Observers All 20 
Sound Decibels Max. —Db Max. +Db Max. —Db Max. +Db 1-10 11-20 Observers 
SRA De Retr an ce Saati Mod be ofchnrs Ga lite sas Wisnere cic mo Sees ee Dee OR — 6.4.. A a Se er —3.9 vex e HOS 2.3 
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Patter i.) cock 70... NE Pee ee 11 Or iy a ee Por seh OER hes ese: 
9.100-cycle note. . ee 15 Be eM Eth, ite She Shae ee. es vices AEOLON ae Re OU ae en 
Bell... De Fekete os BD tet oe: =) 8,6. dems (e148 8.6 ee Wee ee ene Ls) 
Spee 68. . S13 ee ia REE 5s Se ca RE Se 
Air. 68. =30.001 eee Lion BiB. ait FAR Vas Ls 28 On| Le eee eee 
A ee Oban pike eee eee 15) ake = 2S pe ag eG mayan oh rat is +7.0 44.4 
Raytheon (medium).................... 60. = BiO Mes 411 “BF te Meo ae 
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*Note: A plus sign indicates that the meter reading of the 1,000-cycle ng 
than the meter reading of total noise of the given sound. 
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te which the observer judged to be equal in loudness to the sound in question was larger 
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_ tween the meter readings and the combined judg- 
_ ment of the observers is 2.5 db, while the maximum 
discrepaney is only 4.4 db; this is considerably 
less thangthe average accuracy with which a single 
_ observer” could repeat balances on different days. 
In view of the large spread of the individual observa- 
tions, and the differences between the averages of the 
2 groups of 10, the check between the meter read- 
ings and the observations is well within the accuracy 
of the average ear ratings. It is felt that this was a 
very severe test indeed, and that the meter measure- 
ments were completely confirmed. 


CONCLUSIONS 


In designing these experiments an attempt was 
made to test the most practical use of a total-noise 
meter, namely its ability to give proper relative 
ratings for complex sounds of about the same level, 
but of materially different quality. Large differences 
in level are distinguished easily, and practical cases 
of single pure tones are essentially nonexistent. 
[In the case of the one pure tone measured, the au- 
thors’ data agree with Kingsbury’s (loc. cit.) to 
within 1/. db]. To this end an attempt was made 
to simulate sounds similar to those met in practice, 
and to provide as great differences in quality as 
possible. In every case the agreement between the 
meter readings and the average ear ratings was much 
closer than the estimated accuracy of the latter. 

In addition to these specific tests, a total-noise 
meter of the type described here, with suitable ad- 
justments in frequency response, has been used by 
the authors for several years for measuring noises 
ranging from 120 db on some 5,000-hp gear units, to 
around 20 db on electric refrigerators. This work 
has involved both comparisons of the loudness of 
machines of different quality, and determinations of 
the results of changes in given machines, many of 
which changes were very small. In all of this work, 
no cases have been encountered where the instru- 
ment readings were inconsistent. 

The data here presented indicate that meter read- 
ings of sounds with many components have a ten- 
dency slightly low, which is in accord with certain 
experiments recently reported. (See “Loudness: 
Its Definition, Measurement, and Calculation,” by 
Harvey Fletcher and W. A. Munson, Journal 
Acoustical Soc. of Amer., v. 5, Oct. 1933, p. 82. It 
appears that appreciable differences may be obtained 
in special cases such as that of a large number of 
component musical notes, well separated in fre- 
quency, and of nearly the same loudness; but such 
cases do not seem to occur very often in practice. 
It may be possible to develop an instrument that 
will weigh and sum the various components of a 
complex sound more nearly according to the com- 
plicated requirements of the latest theories of loud- 
ness summation; but until such an instrument is 
available in such form that it can compete with the 
present total-noise meter in simplicity, speed, con- 
venience, and! accuracy, the present form of meter 
seems certain to hold its place along with the fre- 
quency analyzer as an essential tool for practical 
sound measurement. 
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Filters 
in Action 


Electric filters are used to prevent only 
currents which are in a desired frequency 
range from passing through a circuit. 
Changes in magnitudes and phase relations 
of the currents passing through a filter 
occur, and these changes are different 
for different frequencies. By means of 
the mechanical analogy described in this 
article, the action of currents in a filter 
may be observed and clearly understood. 


Bell Telephone Labs., 
Inc., New York, N. ¥ 


he ae By 
C. E. LANE 


Moores long distance commu- 
nication, both radio and wire, is dependent in a large 
measure on the electric filter. Invented by G. A. 
Campbell of the American Telephone and Telegraph 
Company, the electric filter consists of a group of 
condensers and coils so connected that they have the 
property of readily passing alternating currents of 
certain frequencies, and of greatly attenuating, or 
weakening, currents of other frequencies. Those 
most commonly employed may be divided into 3 
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Fig. 1. One form of sec- 
tion for an electrical band 
pass filter 


nm 


types: the low pass filter, which passes all frequencies 
below a stated frequency and attenuates all those 
above it; the high pass filter, which passes all fre- 
quencies above a specified value and attenuates those 
below; and the band pass filter, which passes all 
frequencies between values known as the upper and 
lower cut-off frequencies, and attenuates all those 
beyond these values. 

The unit of filter design is the filter section, of 
which many different types are possible. A section 
commonly employed for a band pass filter is shown in 
Fig. 1. A complete filter will include one or more of 
such identical sections connected in tandem, and the 
attenuation for any frequency is the summation of 
the attenuations of all the sections. 


Full text of ‘‘Filters in Action’’ presented at a meeting of the communication 
group of the Institute’s New York Section, Nov. 9, 1933, and published in the 
Bell Lab. Record, v. 12, Sept. 1933, p. 2-7. Not published in pamphlet form, 
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A single section, and thus a complete filter to a 
greater extent, acts in 2 ways toward alternating 
currents passing through it. It produces an attenua- 
tion and a phase shift—both of which vary with fre- 
quency. An ideal phase shift characteristic is shown 
by the solid line in Fig. 2, and an ideal attenuation 
characteristic is similarly shown in Fig. 3. The 
shape of these curves is the same for a section as for a 
complete filter, but the actual ordinate values are 
greater for the complete filter in proportion to the 
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Fig. 2 (left). Ideal and actual phase shift charac- 
teristics of a section of a mechanical band pass fil- 
ter. The electrical analogue of a section of this 
filter is given in Fig. 1 


Fig. 3 (right). Ideal and actual attenuation char- 
acteristics for 7 sections of the mechanical band 
pass filter 


Fig. 4. A band pass filter with meters inserted to 
indicate the internal operation 


Fig. 5. 


Operation of the mechanical filter below 
lower cut-off 
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number of sections. It will be noticed that for both 
phase shift and attenuation there is a sharp break in 
the characteristics at 2 points marked /f; and f2, and 
these are the cut-off frequencies. 

Ideal filter action requires that the termifAting im- 
pedance at the end of a filter be of a definite value, 
and this value is different, in general, for each fre- 
quency. It is not practicable, of course, to provide a 
terminating impedance that will have the different 
values required at each frequency. However, by 
proper filter design the ideal impedance required for 
terminating the filter may be made nearly a constant 
resistance over a large part of the passed band. 
When this is done, the use of a fixed resistance is 
quite satisfactory. The effect of terminating the 
filter in such a fixed resistance is to slightly round off 
the ideal characteristic at the cut-off frequencies, 
thus giving a characteristic indicated by the dotted 
lines on the 2 graphs. 

Although the characteristics of filters may be com- 
pletely and concisely expressed in mathematical 
terms, it would be very helpful if one could actually 
see the increasing phase shift and attenuation from 
section to section. In theory a fairly good indirect 
method of seeing would be to insert meters in a filter 
as shown in Fig. 4. The variation in excursion or 
travel of the meter pointers along the length of the 
filter would indicate the attenuation, and the differ- 
ence in relative position of the various pointers at any 
one instant would indicate the phase shift. There is 
one very obvious difficulty with such a method of 
watching the action of a filter. If the frequencies 


Fig. 6. Just above the lower cut-off the phase shift 
per section is about 14 deg and there is a slight over- 
all attenuation 


were in the voice range or higher, the pointers would 
move so rapidly that the eye could not follow them. 
To be able to use this method to advantage the fre- 
quencies should be of the order of one cycle per sec- 
ond, but electrical filters for such low frequencies are 
not practicable. 


MECHANICAL FILTERS FOR VISUAL OBSERVATION 
It is practicable, however, to make a filter for such 


low frequencies by substituting mechanical for elec- 
trical elements. Fundamentally, filter action is a 
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resonance phenomenon, and resonance can be secured 
mechanically as well as electrically. The action of 
the pendulum of a clock is a familiar example. A 
series of pendulums properly connected together may 
_ be made to act as a filter, and such an arrangement is 
shown in the accompanying illustrations. The filter 
consists of 7 sections of the type shown in Fig. 1. 

In this mechanical filter the mass of the pendulum 
bobs acts as the series inductance, and the attraction 
of gravity on the bob, as the series capacitance, while 
the arched spring shown connecting adjacent pendu- 
lums serves as the shunt capacitance. The first 
pendulum at the left is driven from the flywheel of a 
small motor through a flat spring, and by varying the 
speed of the motor, the frequency of the mechanical 
force is changed. A resistance termination is ob- 
tained at each end of the filter by allowing the 2 
bobs at the ends of the filter to swing through viscous 
oil. 

The amount of swing of the pendulum corresponds 
to the current flowing in the electrical filter, and the 


Fig. 7. 
attenuation, and the phase shift per section is about 


90 deg 


In the middle of the pass band there is no 


attenuation produced by the filter can be observed by 
noticing the difference in amplitude of swing between 
the first and last pendulums. Phase shift per section 
is indicated by the difference in position of adjacent 
pendulums at the same instant. Since at all fre- 
quencies up to the lower cut-off there is little or no 
phase shift, all pendulums will be in about the same 
relative positions at the same instant for frequencies 
below the lower cut-off. Above the upper cut-off, 
the phase shift approaches 180 deg per section so that 
when one pendulum is at one end of its swing, the 
next will be at the other end. Between lower and 
upper cut-off the phase shift between adjacent pendu- 
lums will vary depending upon the frequency. 

To show these 2 effects photographically, an expo- 
sure of several seconds was made which brings out the 
total are of swing of each pendulum. At some in- 
stant during this exposure, an instantaneous flash 
was made which records the position of all the pendu- 
lums at the same instant, and thus shows phase shift. 
The pass band of this mechanical filter is from 0.73 
to 0.93 cycle per second and the accompanying photo- 
graphs show the conditions at and somewhat below 
the lower cut-off, at and somewhat above the upper 
cut-off, and in the middle of the pass band. 
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In Fig. 5 the frequency was 0.68 cycle per second 
and the large degree of attenuation, about 50 db, is 
readily evident. Since there are 7 sections this 
means an attenuation of about 7 db per section, and 
it will be noticed that the second bob has slightly 
less than half the amplitude of the first; the third, 


Fig. 8. Just below the upper cut-off a slight over-all 
attenuation is again noticeable and the phase shift 
per section has increased to 120 deg 


half the amplitude of the second; and soon. The 
motion of the fifth bob is so slight that it is barely per- 
ceptible. The phase shift, it will be noticed is zero 
degrees per section; all pendulums are in exactly the 
same relative positions. 

In Fig. 6 the frequency is about 0.74 cycle per 
second, just above the lower cut-off. At this fre- 
quency the attenuation per section is very slight but 
is plainly evident for the overall filter. The phase 
shift is also small, being 14 deg per section. The 
total phase shift for the entire filter is about 98 deg, 
and it will be noticed that the last bob is a little over 
90 deg out of phase with the first. 

In Fig. 7, at a frequency of 0.84 cycle per second, 
the conditions at about the middle of the pass band 
is shown. ‘There is no noticeable attenuation; the 
amplitude of swing of the last bob is almost exactly 
the same as that of the first. The phase shift per 
section is about 90 deg. In all cases, each pendulum 
is about 90 deg out of phase with those on each side. 

In Fig. 8 the frequency is 0.90 cycle per second, just 
below the upper cut-off. Here again, since the 
frequency is nearly at the cut-off value, some overall 
attenuation is noticeable but it amounts to only 
about 5db. The phase shift per section, however, is 
in the neighborhood of 120 deg which can be seen by 
noticing that every third pendulum is in the same 
relative position. 

In Fig. 9 the conditions for a frequency above the 
upper cut-off—at a value of about 1.00 cycle per 
second—is shown. Overall attenuation is 50 db, 
which is so great that no motion is noticeable at the 
last bob. The phase shift is the full 180 deg per sec- 
tion, which is plainly evident in the photograph. 


REFLECTIONS AND DELAY 


This series of photographs illustrates phase shift 
and attenuation at different frequencies, but the 


mechanical filter may also be used to illustrate other 
characteristics such as reflection, which occurs when 
filters are improperly terminated, and the delay in 
the propagation of a disturbance through the filter. 
In Fig. 10 is reproduced a photograph taken for a 
frequency of 0.84 cycle per second—the mid band 
frequency of the filter—where the phase shift is 90 
deg per section. For this photograph the terminat- 
ing impedance of the filter was removed, that is, the 
filter is ‘short-circuited’ at the output end. This 
gives complete reflection of the wave at the end of 
the filter. It will be noticed that the amplitude of 
every even numbered pendulum bob is doubled due 
to this reflection, the reflected wave being exactly 
in phase with the direct wave at these positions. 
On the other hand the reflected wave is approxi- 
mately 180 deg out of phase at the odd numbered 
pendulum bobs, and hence the direct and reflected 
wave nearly cancel each other at these points and the 
motion is very small. If the frequency were to 


remain the same and the output of the filter “‘open- 
circuited” by holding the last bob still instead of 
“short-circuited” as in Fig. 10, there would still be 


Fig.9. Above the upper cut-off the large attenua- 
tion is evident, and the phase shift per section is 180 
deg 


10. 


Fig. 
with improper impedance termination, in this case 
a short circuit 


Illustrating the reflection that occurs 


complete reflection at the end of the filter. In this 
case, however, the nodes would appear at the even 
numbered pendulum bobs instead of at the odd 
numbered ones as shown in the photograph. Photo- 
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graphs of this kind might be taken at other frequen- 
cies and the tesultant motion at any point along the 
filter would depend upon the relative phases of the 
direct and reflected waves. 

To show the delay in the propagation of a dis- 
turbance through the filter the photographs shown in 
Fig. 11 were taken. The upper one of these photo- 


graphs shows the motion taking place in the filter 
during the first half second after starting a dis- 
turbance at the input of the filter by displacing the 


Fig. 11. Illustrating the delay in the passage of 
a transient impulse through a filter 
Above. Transient just starting 
Middle. After 4 sec transient is approaching midpoint 
Bottom. After 10 sec transient has reached the end of the 


filter 


first pendulum bob and then suddenly releasing it. 
It will be noticed that during this interval the mo- 
tion is confined solely to the first section of the 
filter. The photograph shown in the middle is ob- 
tained from an exposure during an interval between 
the fourth and fifth second after the starting of the 
disturbance. By this time the disturbance has 
reached the middle of the filter. The lower photo- 
graph shows the motion during the interval between 
the ninth and tenth second after the starting of the 
disturbance, by which time the disturbance has been 
propagated entirely through the filter. In other 
words the delay of this filter, due to a transient dis- 
turbance, is between 9 and 10 sec. If from the 
middle of the phase shift curve shown in Fig. 2, 


dB 
we compute AS where B is the phase shift in radians 


and w is 2r times the frequency, and multiply it by 
the number of filter sections, the value obtained 
will be about 9.5 sec. This relation holds approxi- 
mately true for any band pass filter regardless of the 
nature of the transient disturbance applied at the 
input of the filter. The disturbance will not arrive 
at the output of the filter until a time given by the 
slope of the phase characteristic of the filter in the 
middle of the band. 
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The 


Relaxation Inverter 


The characteristics and design of the relaxa- 
tion inverter, which requires only one tube 
for obtaining alternating current from a d-c 
supply, are described in this article. This 
inverter is simple and reliable and can be 
made to provide alternating voltage having a 
good wave form. 


By 
HERBERT J. REICH 


ASSOCIATE A.1.E-E. 


University of 
Illinois, Urbana 


lagen for obtaining alternat- 
ing current from a d-c supply have been developed 
in 3 principal types, all using the gas or mercury 
vapor hot cathode electronic tube. The series and 
parallel types of 2-tube inverters have been developed 
considerably in the last few years. Recently a third 
type called the relaxation inverter, and using but a 
single tube, has been developed; it is described in this 
article. 

An a-c output of 100 watts or more from a relaxa- 
tion inverter can be obtained with a tube of the 
FG-67 thyratron type, with an anode efficiency of 
50 to 73 per cent when the inverter is supplied with 
115 volts direct current. The maximum power out- 
put is approximately proportional to the square of 
the d-c voltage and within limits is roughly propor- 
tional to the frequency and the condenser capacity. 
The efficiency increases somewhat with the d-c 
voltage. Very poor voltage regulation and change 
of wave form with load make this inverter most suit- 
able for service in which the load is constant, or in 
which poor voltage regulation is an advantage, as in 
the operation of neon signs. A number of problems 
are encountered in the design of the relaxation in- 
verter, chief among which are those affecting fre- 
quency control, stability, and wave form. 

When properly designed the relaxation inverter is 
simple and reliable and gives unusually good wave 
form. Useful modifications include a 2-tube cir- 
cuit which delivers double the output of the single 
tube circuit, and a “‘d-c transformer’? by means of 
which it is possible to obtain from 80 to 100 ma ata 
voltage of from 300 to 500 from a 115-volt supply. 

The basic problem involved in the design of in- 
verter circuits is that of finding methods of stopping 
the flow of anode current without the removal of 
d-c supply voltage. The series type of inverter de- 
pends for its current stopping action upon the natural 
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decay of current during the charging or discharging 
of a condenser. The parallel type makes use of the 
surge from a charged condenser in applying a nega- 
tive voltage to the anode for a sufficient time to al- 
low deionization to take place.1 The third type, the 
relaxation inverter, has recently been described by 
the writer.2° Its action depends upon the oscilla- 
tory nature of the discharge of a condenser in a cir- 
cuit having a high ratio of inductance to resistance. 
It differs from the series and parallel circuits in that 
it requires only one tube and that the tube conducts 
during a portion of the cycle which is normally small 
compared to the period of oscillation. 


Basic CIRCUIT OF THE RELAXATION INVERTER 


The mechanism by which the anode current is 
periodically stopped, and the action of the grid in 
developing characteristics which are essential to 
satisfactory inverter performance, are most readily 
explained by the aid of a preliminary discussion of 
the relaxation oscillator circuit of Fig. 1. In order 
for oscillations to be set up in this circuit it is essen- 
tial that the tube should fire at a voltage which is 
greater than the normal anode voltage drop, and 
the deionization time should preferably be small. 
When direct current is first applied to the circuit, 
the condenser C; charges at a rate and in a manner 
which is determined by the supply voltage and the 
circuit constants. If the ratio of inductance to re- 
sistance is high the charging current varies very 
nearly sinusoidally; if it is low, the condenser cur- 
rent and voltage vary exponentially. Should the 
tube fail to fire, the condenser would charge to a 
maximum voltage approximately equal to twice the 
line voltage in the former case, and equal to the line 


Fig. 1. Relaxation oscillator 
circuit Rs 


voltage in the latter. In general, the graphs of cur- 
rent and voltage variation are exponentials or 
damped sine waves, the voltage variation, éventually 
approaching line voltage if the tube fails to fire. 
When the condenser voltage becomes equal to the 
firing voltage, the tube conducts, allowing the con- 
denser to discharge through the tube, which has 
negligible resistance when conducting. If the re- 
sistance JR, is small as compared to the inductance 
Ly, the damping is negligible, and the discharge cur- 
rent varies very nearly sinusoidally. The current 
which is flowing into the condenser at the instant the 
tube breaks down transfers to the tube, and subse- 
quently varies in a manner which is determined by 
the supply circuit resistance and inductance, R, and 
L,. The total current through the tube, therefore, 
is the sum of the condenser discharge current and the 
current which flows from the d-c supply through L, 


1. For all numbered references see list at end of article. 
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and R,. . The action of the inductance L; causes the 
condenser to continue to discharge to a negative 
voltage which, neglecting damping, equals the origi- 
nal positive voltage less the constant anode drop 
through the tube (about 10 to 15 volts). The con- 
denser current then reverses and the net current 
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Fig. 2. Time Fig. 3. Control of oscillation 
variation of con- by means of combined d-c 
denser voltage, and a-c grid voltage 


showing increase 
of period result- 
ing from increase 
of firing voltage 


CONTROL 
VOLTAGE 


Fig. 4. Simple grid- 
controlled relaxation 
inverter 


Fig. 5. Self-excited re- 
laxation inverter 


through the tube becomes the difference between the 
coming from the d-c supply and that from the con- 
denser. If the inductance L; is small the condenser 
current increases more rapidly than the supply cur- 
rent through L,, and eventually becomes equal to it. 
At this instant the anode current is zero, and the tube 
goes out. If, on the other hand, Z; is large and L, 
and R, small, the supply current may build up more 
rapidly than the condenser current, preventing ex- 
tinction of the tube. By using a low value of ZL; 
the natural period of that branch of the circuit may 
be made so short that the condenser discharge and 
extinction of the tube take place in less than 0.001 
sec. A small L; also results in a discharge current 
the amplitude of which may be 15 or 20 times the 
maximum supply current, so that the condenser 
current becomes equal to the supply current, and 
thus extinguishes the tube, before the negative con- 
denser voltage has decreased appreciably. Conse- 
quently at the instant the tube is extinguished the 
condenser and d-c supply voltages are additive and 
tend to increase the initial supply current. The 
condenser recharges to a positive voltage and the 
cycle repeats. After the first cycle, because of the 
initial negative condenser charge and the initial 
supply current, the condenser would charge to a 
voltage greater than twice line voltage if the tube 
were prevented from firing. The deionization time 
of the tube, of course, must be less than the time 
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taken for the condenser voltage to change from its 
initial negative value to a positive value equal to the 
normal anode voltage under load (10 to 15 volts). 

A certain amount of a-c power may be drawn from 
the condenser branch of the circuit by coupling to 
L;, but the resulting damping is detrimental to the 
action of the circuit and may result in stopping of 
oscillation. Better results are obtained when power 
is drawn from the supply branch, either across the 
inductance L, or from a transformer in series with or 
replacing L, Mathematical analysis of the circuit 
shows that the maximum power output at a given 
frequency increases very rapidly with increase of 
either d-c supply voltage or firing voltage. Be- 
cause of the low firing voltage of the 2-element hot- 
cathode arc rectifier tube, the power output is ordi- 
narily small. The low firing voltage has other dis- 
advantages. It gives a comparatively low ratio of 
peak condenser current to peak supply current so 
that the tube may fail to go out at the end of the 
condenser discharge when a-c power is drawn from 
the circuit. It also reduces the charging time of the 
condenser to a fraction of the time which would be 
taken if the condenser were to charge to its maximum 
value before breakdown of the tube, and thereby 
limits the period of oscillation to a value which is 
small compared to the natural period of the circuit. 
It is therefore impossible to reduce the frequency 
under load below about 150 cycles without the use of 
an excessive amount of capacity. 


FUNCTION OF THE GRID 
IN THE RELAXATION OSCILLATOR 


It is evident that in order to obtain substantial 
power output at commercial frequencies it is neces- 
sary to raise the firing voltage of the mercury vapor 
rectifier tube. This may be accomplished either by 
means of a grid maintained at a constant negative 
potential or by means of a constant magnetic field at 
right angles to the flow of current from anode to 
cathode. In Fig. 2 is shown the large increase in 
period which may be obtained by increasing the 
firing voltage to a value equal to the maximum volt- 
age to which the condenser will charge, which is 
normally about twice line voltage in an inverter 
which is delivering rated power. The increase of 
period results both from the increase of positive con- 
denser voltage and from the corresponding increase 
of maximum negative voltage. The dotted curve 
shows the variation of condenser voltage for a low 
firing voltage. The tube will obviously be perma- 
nently extinguished if the firing voltage is increased 
beyond the maximum voltage to which the condenser 
will charge. 

The use of a constant negative grid voltage or a 
constant magnetic field to increase the firing voltage 
has 2 disadvantages. The first results from the 
small slope of the condenser voltage curve near the 
maximum. A slight variation of supply voltage, 
firing voltage, or load results in a large variation of 
frequency, or even in permanent extinction of the 
tube. The second difficulty results from the fact 
that during the first cycle after the d-c voltage is 
applied the maximum voltage to which the condenser 
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can charge is lower than during succeeding cycles. 
If the firing voltage is high enough to allow full 
charging of the condenser after equilibrium is estab- 
lished then the tube will not fire at all. These diffi- 
culties may be prevented by applying, in addition to 
the d-c grid voltage or steady magnetic field, an a-c 
voltage or field of desired frequency, the peak value 
of which is considerably in excess of that necessary 
to raise the firing voltage to a value equal to the 
maximum condenser voltage. The curve of firing 
voltage then intersects the curve of condenser 
voltage at a large angle, so that small variations of 
supply or control voltage or of load have little effect 
upon the value of condenser voltage at which the 
tube fires. The frequency of oscillation is obviously 
the same as the control frequency. By proper ad- 
justment of circuit constants and control voltages or 
fields the firing voltage may be made to equal the 
condenser voltage at the instant that the condenser is 
fully charged, as indicated in Fig. 3a. If the 
charging time of the condenser is less than the period 
of the control voltage, the firing voltage may become 
equal to the condenser voltage after the condenser 
is fully charged, as in Fig. 3b. The condenser will 
then start discharging back into the line before the 
tube fires, and the initial condenser current at the 
time of firing will be negative. 


SIMPLEST GRID-CONTROLLED INVERTER 


The circuit of the simplest form of grid-controlled 
relaxation inverter is shown in Fig. 4. The neces- 
sary grid excitation may be supplied by any type of 
oscillator, by a standard a-c supply, or may be fed 
back from the output through a suitable phase shift- 
ing circuit. An air core reactor of about 1.3-mh 
inductance made up of No. 10 wire wound in opti- 
mum inductance shape has been found to give most 
satisfactory results for l;. A capacity of from 10 to 
40 uf is used for Ci, the exact size being somewhat 
dependent upon tube, frequency, and load. By 
using a small capacity, and hence a natural fre- 
quency which is high compared to the excitation 
frequency, several condenser oscillations may be 
made to occur for each cycle of the output. This is 
ordinarily not desirable since it results in very poor 
wave form of output voltage. The inductance L, 
is necessary under heavy load, due to the reduction of 
transformer inductance, and is frequently desirable 
at light loads in improving wave form, as will be 
explained later. A tube of the type known as FG-67 
thyratron gives excellent results in this circuit. The 
filament may be heated from the d-c supply in start- 
ing and later transferred to the output. A tube with 
a 110-volt heater is, of course, more satisfactory. 

At first glance the circuit of Fig, 4 may appear to 
be similar to that of the tuned arc. There are, how- 
ever, a number of essential differences, the most ob- 
vious of which is the control of the tube by means of 
a grid or magnetic field, resulting in reduction of 
frequency without the use of excessively large con- 
densers, in stability of frequency, and in great in- 
crease of power output. The second important 
difference lies in the fact that in the tuned arc the 
power is drawn from the condenser branch of the 
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circuit, whereas in the relaxation inverter it is drawn 
from the d-c supply branch. This eliminates from 
the output voltage the high peak which would be 
obtained during the discharge of the condenser were 
the power taken from the condenser branch, and 
thereby improves the wave form. Lastly, although 
it is possible to produce relaxation oscillations in the 
tuned arc circuit, those which are ordinarily desired 
are undamped sinusoidal oscillations. It is interest- 
ing to note that the function of the tube and the 
inductance L; in the inverter circuit is to cause a 
rapid reversal of charge and voltage of the condenser 
Ci, so that it can again be charged to a positive volt- 
age from the line. 


SELF-EXCITED CIRCUIT 


A self-excited circuit which gives excellent results 
is shown in Fig. 5. J» is an air-core inductance hav- 
ing a comparatively large number of turns, which is 
coupled to L,. The discharge of C; through Ly 
induces in LZ, a high voltage which causes a mo- 
mentary flow of current through the tube by way of 
the grid and thus charges the condenser C,. At the 
end of the discharge of C; the tube has ceased to 
conduct and, because of the rectifying action of the 
grid, the negative charge on the grid and condenser 
cannot leak off through the tube. Consequently 
the grid has a high negative potential which prevents 
the tube from firing until the charge on the condenser 
has leaked off through the high resistance R,. The 
frequency depends upon the circuit constants and 
may be readily adjusted by varying the coupling 
between L; and Le, the value of R, or the setting of 
the potentiometer P. Making the slider of the po- 
tentiometer more positive increases the rate of 
change of grid voltage at the instant of firing and 
therefore improves the constancy of frequency. 
Hence the potentiometer may be omitted and R, 
connected directly to positive side of the line. 
Equally good results are obtained by coupling ZL, to 


Fig. 6. Oscillograms of condenser voltage, output 
voltage, and supply current; supply circuit reactor, 
L., omitted 


(a) Heavy loed (6) Normal load 


L,. By a proper combination of the 2 methods of 
grid coupling the frequency may be made practically 
independent of load variation. JL», also may be re- 
placed by the secondary of the output transformer. 
It is not necessary to make use of the rectifying 
property of the grid, since the rectification may be 
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Oscillogram of condenser voltage, 
output voltage, and supply current at normal load, 
showing improvement of output wave form resulting 
from the addition of a 0.1-h air-core reactor (L;) to 
the supply circuit 


Fig. 7 (left). 


Fig. 8 (right). Oscillogram of condenser voltage, 
output voltage, and supply current under light load; 
using L;, a 0.1-h air-core reactor, as in Fig. 7 


accomplished by means of an auxiliary rectifier or an 
auxiliary anode in the tube. In this manner it is 
possible, in fact, to employ an external grid tube in 
the inverter.*»4 


INVERTER PERFORMANCE AND 
DESIGN OF THE OUTPUT CIRCUIT 


In Fig. 6 are shown oscillograms of condenser 
voltage, supply (transformer primary) current, and 
output voltage obtained with a self-excited inverter 
of the type shown in Fig. 5, without the use of the 
inductance L,. Oscillogram a was taken under 
heavy load. Because the inductance of the heavily 
loaded transformer is small, the condenser charges 
exponentially, and the resulting output voltage has 
poor wave form. Oscillogram 4 was taken under 
medium load. The effect of increased transformer 
inductance is evident. The oscillograms of Fig. 7 
show the great improvement in wave form of output 
voltage resulting from the introduction of a 0.1-h 
reactor L, in series with the transformer primary. 
On open circuit, or under light loads, it is sometimes 
found that, although the primary current wave may 
appear to have excellent wave form, the output 
voltage has very poor wave form. The reason for 
this quickly becomes apparent through a study of the 
transformer vector diagram and an analysis of the 
circuit. Under normal loads the reactive component 
of the primary current is small compared to the load 
component, and the secondary voltage is very nearly 
proportional to the primary current. On open cir- 
cuit, on the other hand, the primary current is 
mainly reactive and the secondary voltage is pro- 
portional to the rate of change of current. Hence 
under light load any small irregularities of primary 
current which occur during the discharge of the con- 
denser may be associated with large changes in volt- 
age. This is clearly indicated by the oscillogram 
of Fig. 8. For this reason it is best, so far as wave 
form is concerned, to design the transformer so that 
its inductance under load is smiall, and to provide the 
necessary supply circuit inductance by means of the 
series reactor L,. 
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Fig. 10. Ajir-core reactor 
of 0.07-h inductance and 
3-ohms d-c resistance used 
for Ls; d-c voltage = 113 


volts; CG: = 40 uf; 75- 

cycle output; resistance 

load; type FG-67 thyra- 
tron tube 


Figs. 9 and 10. Variation of power output, effi- 
ciency, output voltage, and d-c supply current with 
a-c load current 


TYPICAL CURVES 


In Figs. 9 and 10 are given typical curves of power 
output, efficiency, secondary voltage, and d-c current 
as functions of a-c load current for pure resistance 
load. The a-c currents were measured by means 
of a thermo-ammeter and at each load the load re- 
sistance was measured by means of a wheatstone 
bridge. Power, efficiency, and secondary voltage 
were computed from these measured data. A 40-yf 
condenser was used for C; and the frequency was 
kept constant at 75 cycles. The curves of Fig. 9 
were obtained without the series reactor L, and those 
of Fig. 10 with an air-core reactor of 0.07-h induc- 
tance and 3-ohms d-c resistance. It should be 
noted that the current scale in Fig. 9 is double that 
in Fig. 10. The series reactor causes a marked fall- 
ing off in power output, efficiency, and terminal 
voltage with load. J°R loss in the reactor entirely 
accounts for the lowered efficiency at light load, and 
partially at the larger loads. It is evident that in 
determining the size of the reactor L, it is necessary 
to weigh the relative importance of stability and 
wave form on one hand, and efficiency, power output, 
and voltage regulation on the other. The poor 
voltage regulation of this type of inverter, both with 
and without L,, is explained by the fact that the 
power output is limited at any given frequency and 
capacity. 

The curves of Figs. 9 and 10 were obtained with an 
output transformer of 1:1 ratio. Those for a trans- 
former of ratio 1:1 may be derived from the curves of 
Figs. 9 and 10 by dividing the current scale by n 
and multiplying the voltage scale by m. In design- 
ing an inverter for a specific application it is neces- 
sary to use a transformer ratio which will give the 
correct voltage at the desired power output. 

The power output is very nearly proportional to 
the square of the d-c voltage, and the efficiency in- 
creases somewhat with d-c voltage. Within limits 
the power output is roughly proportional to the 
capacity and to the frequency. 
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To prevent “‘motor boating’’® it is necessary to 
design the grid circuit carefully. Best action ap- 
_ pears to be obtained with a small grid condenser 
(0.1 wf or less) and a large grid leak (100,000 ohms 
or more). Too large a condenser and too small a 
leak result in motor boating and in excessive power 
loss in the grid circuit. 


MODIFICATIONS 


Fig. lla shows a modified form of the relaxation 
inverter which may be made self-exciting by the 
methods already outlined. Because the air-core 
reactor L; is here replaced by the larger inductance of 
the primary of the output transformer the circuit is 
not so stable as that of Fig. 4, and the wave form is 
much less desirable. The output voltage is dis- 
torted because of the relatively slow discharge of the 
condenser and because the induced voltage depends 
not only upon the supply current, but also upon the 
condenser discharge current. Fig. 11> shows an- 
other form of circuit which will give stable oscilla- 
tions. It may be made self-exciting by any of the 
methods which have been described, and power may 
be drawn from the inductance or from a secondary 
_ coupled to it. A simple and practical modification 
of this circuit is shown in Fig. llc. The inductance 
L’ is necessary under heavy load and may be used at 
light loads to improve wave form. To prevent the 
reduction of grid control voltage with increase of 
load it is sometimes better to derive this voltage 
from a separate coil coupled to L’, instead of from 
the transformer secondary. In this type of circuit 
the condenser charges suddenly through the tube 
and discharges slowly through the transformer and 
‘L’. A theoretical explanation of the operation of 
the circuit presupposes the presence of inductance in 
series with the d-c supply which causes the condenser 
to charge above line voltage, with subsequent re- 
versal of condenser current and extinction of the 
tube. Practically, no special inductance need be 
used, the small inherent inductance of the supply 
branch being sufficient. The addition of a small air- 
core reactor in series with the d-c supply may be 
beneficial in preventing too high peak tube currents. 
When such a reactor is used the circuit becomes in 
some respects similar to one described recently by 
Livingston and Lord.’ The Livingston-Lord cir- 
cuit, because of resistance in the supply branch and 
across the condenser, is limited in output and eff- 
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ciency. An improved form of their circuit which is 
capable of delivering considerable power at higher 
efficiency is that of Fig. 11d. 

A third type of circuit which under proper condi- 
tions will oscillate in a stable manner is shown in 
Fig. lle. A theoretical analysis (considering circuit 
resistance) readily shows that when voltage is first 
applied to the circuit the current in the primary of 
the coupled circuit is a damped oscillation superposed 
upon an exponentially increasing current. With 
small damping and close coupling the direction of the 
current may actually reverse, causing the tube to 
go out. The coupling would have to exceed 70 per 
cent with zero damping and because of circuit re- 
sistance and power delivered to the load must be 
considerably higher in any practical circuit. The 
coupled inductances may be the primary and second- 
ary of a power transformer, the power being drawn 
from either primary or secondary. Any of the meth- 
ods of grid excitation are applicable. 


A 2-TuBE CIRCUIT 


A 2-tube circuit which has the advantage of 
doubled output is shown in Fig. 12. It may be 
made self-exciting by using the output voltage to 
excite the grids. At first thought it would appear to 
be a simple matter to self-excite this circuit by the 
method employed in the single-tube circuit of Fig. 5. 
It is extremely difficult, however, to make both 
branches of the circuit oscillate at the same fre- 
quency, and, when synchronized, the 2 tubes tend 
to fire simultaneously, resulting in practically zero 
output. The reason for this difficulty lies in the fact 
that each tube conducts for only a brief portion of 
the cycle, and there is no sudden change in voltage 
or current in one branch of the circuit which can be 
used to fire the tube in the other branch at the proper 
instant. The wave form obtained with the 2-tube 
circuit is less satisfactory than that obtained with the 
single-tube circuit. 

Another useful modification of the relaxation in- 
verter makes possible direct transformation of direct 
current from low to high voltage. There are a 
number of equally. satisfactory forms of such a 
“‘d-c transformer’’ circuit, one of which is shown in 
Fig. 13. The condenser C3; is charged from C, 
through the rectifier tube to a voltage which approxi- 
mates the peak voltage of C;. It may be readily 
showi® that when the ratio of inductance to resist- 
ance in the supply branch of the circuit is high the 
peak voltage of C; may be many times the d-c supply 
voltage. No difficulty is experienced in obtaining 
80 to 100 ma at 300 to 500 volts from a 115-volt 
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Fig. 12. Two-tube re- Fig. 13. 


laxation inverter circuit 


“D-c trans- 
former’ circuit 
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source with a tube of the type FG-67 thyratron. 
With this tube it is also possible to use a 32-volt 


supply. 
CONCLUSION 


The relaxation inverter is simple and reliable and, 
if properly designed, can be made to provide alter- 
nating voltage of fair wave form. Used with a tube 
of the FG-67 thyratron type on a 115-volt d-c supply 
it will deliver 80 watts with an anode circuit effi- 
ciency of 50 per cent at 60 cycles. At 75 cycles it 
will deliver 80 watts at approximately 70 per cent 
efficiency or 100 watts at 50 per cent efficiency. 
Between 200 and 300 watts at efficiencies ranging 
up to 75 per cent can be obtained at 60 cycles from a 
230-volt d-c supply. Since the power output goes 
up as the square of the d-c voltage it is evident that 
considerable power can be developed at high voltage, 
the principal problem being that of economical high 
voltage condenser design. Because of poor voltage 
regulation and the variation of wave form with load 


Transformers for 
Electric Furnaces 


Important features that should be con- 
sidered in designing transformers for sup- 
plying power to electric furnaces, are 
pointed out in this paper. The extremely 
high secondary currents and low secondary 
voltages, together with the wide variation 
in voltage required by many furnaces, 
demand special design considerations in 
both the transformer and its associated 
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e ACTORS that differentiate the elec- 
tric furnace transformer from the usual power trans- 
former are outlined briefly in this paper. The low 
secondary voltages with their high currents and the 
large tap range require special design consideration. 
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it seems likely that this type of inverter will find its 
principal application in installations which require 
fairly constant a-c power, as in the operation of 
radio receivers and neon signs. The poor voltage 
regulation is an advantage in neon sign service since 
the starting voltage of the neon tube is considerably 
higher than the operating voltage. 

A study of the relaxation inverter at higher volt- 
ages and with reactive loads is at present being made 
by L. E. Wetherhold, who assisted in obtaining the 
curves and oscillograms which appear in the present 
article. 
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The important advantages of the conservator trans- 
former would appear to justify its more general use 
for electric furnaces. 

Reactance requirements of furnace transformers 
are frequently different from those of the usual 
power transformer, and a separate reactor with taps 
may be required; this may be mounted either ex- 
ternally or within the transformer case. Strictly 
straight-line volt-ampere characteristics of reactance, 
while desirable, are not absolutely necessary; and if 
iron core reactors are used, the permissible deviations 
from straight-line volt-ampere characteristics should 
be specified. 

To supply the wide range of voltages required by 
many furnaces, a method of delta-Y switching with 
taps in both the transformer and reactor may be used. 
The advantage of providing this as an integral part 
of the transformer should not be overlooked. When 
many tap changes during a heat are desirable the 
advantages of the “load ratio control’ transformer 
should be carefully considered. 


DESIGN FEATURES 


The chief feature that differentiates electric furnace 
transformers from the usual power transformers is 
the very low secondary voltages and the very high 
secondary currents required. Another important 
difference is that while the usual power transformer 
must deliver power at the point of use at a sub- 
stantially constant voltage, many electric furnaces 
require that for most efficient operation definitely 
varying voltage be supplied during the load cycle. 
Full text of a paper recommended for publication by the A.I.E.E. committee on 
electrochemistry and electrometallurgy, and scheduled for discussion at the 
A.I.E.E. winter convention, Jan. 23-26, 1934. Manuscript submitted Oct. 5, 
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orm. 
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The very high secondary currents present a serious 
problem in the design of large furnace transformers. 
The low voltage winding must be subdivided into 
several multiple coils, and the coils and connecting 
leads must be arranged so that the reactance of each 
is substantially the same. In the larger sized trans- 
formers in the medium primary voltage range, this 
result can be accomplished best by the use of an 
interleaved arrangement of windings. 

Furnace transformers usually require a number of 
taps for varying the secondary voltage. Since there 
are only a few effective turns in the low voltage 
windings, and since the currents are so high, it is 
generally necessary to place the taps in the high volt- 
age winding; overwinding it so as to give the re- 
quired voltage range in the secondary. This means 
that since the primary turns are varied for each 
secondary voltage, the flux density in the core varies 
for each tap connection. The highest secondary 
voltage determines the size of core, and the lowest 
determines the total primary turns. Therefore, the 
range of secondary voltage has a large effect on the 
total weight and cost of the transformer. 

The secondary voltage range also influences the 
reactance characteristics of a transformer. In a 
well designed transformer the reactance varies in- 
versely as the square of the secondary voltage. In 
the usual design it is not desirable to allow a reactance 
in excess of 15 percent. A large tap range then may 
mean that the lowest secondary voltage influences 
its coil arrangement. A minimum tap range means 
a minimum sized transformer. 

Arrangement of the coils should be such that the 
primary taps can be located so as to affect the re- 
- actance of each of the multiple coils in the low volt- 
age winding substantially equally. A common 
method of accomplishing this result is shown in Fig. 1. 
Each group of the high voltage winding is wound 
for full voltage, and all groups are connected in 
multiple. The taps are taken from the center of 
each group, and all corresponding taps are connected 
in multiple and brought to a single ratio adjuster 
tor quick changing. In Fig. 2 is shown a very high 
current furnace transformer with the secondary coils 
arranged in multiple and Fig. 3 shows the high 
voltage side of the same transformer with the multi- 
ple connected taps from each group of the winding. 
This arrangement insures that the reactance of each 


HIGH VOLTAGE WINDING 


Fige |’. 

furnace transformer so that taps in the high voltage 

winding affects the reactance of each coil in the low 
voltage winding approximately the same 


Arrangement of windings in an electric 
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of the multiple coils of the low voltage winding will 
be as near alike as it is physically possible to build 
them. 

A criticism that might be directed against the type 
of transformer shown in Figs. 2 and 3 is that the 
bars leading from the bottom coils are several feet 
longer than those leading from the top coils and that 
this might cause sufficient difference in the reactance 
of the various circuits to cause serious unbalance in 
the current in the coils, thereby resulting in an 
increased copper loss and nonuniform heating in the 
coils. With suitably interleaved bars properly 
arranged this objection is of no practical importance 
as is shown by the following calculations and tests: 


Mranstotmer winding impedances... + alee ieee eee 3.68% 
Averagenimpedanceron barses ue ae miners aos nee eee 0.27% 
Imipedancerot shortest’ pairof barsie-.s.- 042 sa ee 0.19% 
Impedancetof longest: pairof batsseeeue 4. eer eee OB Oe 
Total impedance of transformer, average.................. 3.94% 
Motaleimpedance olmongesc circ Uleaeeiasy eat eter rere 4.01% 
Total impedance of shortest circuit........... ea ik csi s 3.87% 


Maximum variation in impedance from the aver- 
age is 0.07 per cent, which is less than the possible 
mechanical variations in the build of the coils and 
insulation. This would not cause an observable 
increase in the copper loss, and the expected differ- 
ence in temperature rise above surrounding oil be- 
tween the coil with maximum reactance and the coil 
with minimum reactance would be less than 1 deg C. 
Tests by means of thermocouples on the various coils 
showed the observed temperature differences to be 
no greater than the probable errors of observation. 
The observed rise of the top coil above the sur- 
rounding oil was 15.8 deg C and of the bottom coil 
ToaledegsC; 

Transformer tanks, covers, and coil clamping struc- 
ture generally are made of steel. With currents of 
many thousands of amperes to be brought out, it 
can be appreciated that great care must be exercised 
in arranging the bars and leads from the windings and 
bringing them through the cover so as to avoid ex- 
cessive losses and heating in the surrounding mag- 
netic materials due to leakage flux from the bars. 
To do this it generally will be necessary to keep the 
bars subdivided in accordance with the transformer 
coil arrangement and interleaved so that the cur- 
rents in adjacent bars are of opposite polarity. 

Most large arc furnaces operate from 3-phase 
power; it is common practice to supply this power 
by means of one 3-phase transformer with the low 
voltage winding arranged for delta connection. 
Many years ago it was not uncommon for furnace 
engineers to request that the delta connections be 
made within the transformer case bringing out termi- 
nals so that the furnace operator would have only 
simple connections to make to his furnace flexible 
leads. Such an arrangement for furnaces of any 
considerable size would result in prohibitive losses in 
the tank and cover of the transformer. Conse- 
quently, it is now common practice to bring the inter- 
leaved bars through the cover from each phase of 
the transformer, the purchaser forming the delta 
external to the transformer in the most suitable place. 
Where there is a considerable distance between the 
transformer and the furnace, it is good practice to 
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tes: 


Figs. 2 (left) and 3 (right). 


carry the interleaved arrangement of bars just as 
they come from the transformer as near to the fur- 
nace as possible before forming the delta. In spite 
of the greater total current to be carried by the bars, 
this arrangement will result in no increase in bar 
copper, and generally less bar loss and almost com- 
plete freedom from losses and heating in adjacent 
magnetic material. Figure 4 shows a good internal 
arrangement of bars on a 3-phase furnace trans- 
former. 

Water cooled transformers generally are to be pre- 
ferred for large furnaces, first, because of the saving 
in initial cost and required space, and second, be- 
cause an adequate supply of cooling water generally 
has to be available for cooling the furnace electrode 
holders and the provision of water for cooling the 
transformers does not present an additional problem. 
When the water supply is of doubtful purity, self- 
cooled transformers should be used. 

Furnace transformers often are installed in dirty 
locations where there is much dust, often of conduct- 
ing material. It is important that the transformers 
be well sealed so that this dust cannot enter them. 
The large number of low voltage bars that must 
be brought through the transformer covers presents 
an opportunity for many small dust leaks unless 
properly designed. Stuffing boxes around each bar 
give effective protection against the entrance of 
foreign material. 

Because of the difficulty and expense of making the 
many low voltage bar leads oil tight, oil conservators 
have not been used generally for furnace trans- 
formers. However, it would appear that furnace 
transformers need the protection afforded by the oil 
conservator more than the average transformer for 
the following reasons: (1) The conservator insures 
absolute immunity internally to dust and dirt; (2) 
furnace transformers in general are likely to be op- 
erated at relatively high load factors, and the con- 
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Assembled core and coils of an electric 
furnace transformer rated at 25 cycles, 5,000 kva, 13,200/130 
volts; (left) low voltage side and (right) high voltage side 


Fig. 4. Assembled core and coils of a 

60-cycle 6,600-kva 44,000/170-volt furnace 

transformer, from the low voltage side; note 
arrangement of bars 


servator is particularly valuable in preserving the oil 
and preventing sludging; (3) the short periods of 
shut down between loads cause a _ considerable 
amount of breathing which presents an opportunity 
for bringing moisture into the tank; (4) the long 
periods of idleness during periodic relining of the 
furnace give further opportunity for moisture ab- 
sorption. The oil conservator perfectly protects 
from all of these conditions. Suitable bus bar bush- 
ings have been designed and several furnace trans- 
formers have been built with conservators. It would 
appear that the advantages to be gained are impor- 
tant enough to justify more general use of the oil 
conservator on furnace transformers. 


REACTANCE REQUIREMENTS 


The arc furnace has a characteristic peculiar to 
all electric arcs in that the resistance of the are de- 
creases as the current increases. The arc therefore 
is unstable unless sufficient constant impedance is 
placed in series with the supply voltage. There is 
usually a considerable amount of reactance in the 
furnace and its connections, in the furnace trans- 
former, and in the supply circuit; and for large arc 
furnaces this reactance usually is adequate for stabil- 
izing the arc. For smaller furnaces it often will be 
found necessary to provide additional reactance by 
designing the transformer with high reactance, or 
by adding a separate reactor in series with the trans- 
former, or both. It is generally not desirable to build 
transformers with an inherent reactance greater than 
10 to 15 per cent and this value, once selected is 
fixed; with a separate reactor, taps can be provided 
to vary the reactance as desired. 

The total reactance in series with the circuit 
determines the power factor. It is desirable to keep 
the power factor high, but in general little is to be 
gained by maintaining it above 95 per cent. From 
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Fig. 5 it may be observed that with a total reactance 
of 30 per cent the power factor will be above 95 per 
cent, and the possible short circuit current with an 

arc resistance of zero (for example, when the elec- 
trodes are in contact with the metal) and ignoring 
all other resistance in the circuit, will be 31/3 times 
normal. This figure is based upon the assumption 
that the volt-ampere characteristic of all reactance 
in the circuit is a straight line, which is true with the 
exception of what may be obtained by means of an 
iron core reactor. From a practical operating stand- 
point it is of little moment whether the maximum 
possible short circuit current is 31/3 times or 32/3 
times normal. Assume, for example, that the total 
reactance at normal current is 30 per cent and that 
of this, 15 per cent is supplied by the transformer, 
the furnace, and the circuit, while 15 per cent is 
supplied by an iron core reactor. Assume that the 
characteristics of the reactor are such that 3?/; 
times normal current may flow during a short circuit. 
Then at 37/3 times normal current there will be a 
total reactive drop across the transformer, furnace, 
etc., of 55 per cent, and across the reactor of 45 per 
cent. Characteristics of such a reactor are shown in 
Fig. 6; this particular reactor may be said to have an 
18-per cent deviation from straight line volt-ampere 
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PERCENT REACTANCE 
Effect of series reactance on the power 
factor and short circuit current of a furnace circuit; 
straight line reactance characteristics assumed 


Figen 5: 
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characteristics at 3°/; times normal current. This 
is important because the permissible deviation from 
straight line volt-ampere characteristics determines 
the core density that the manufacturer must use in 
iron core reactors and affects their size and cost. 
Therefore, if iron core reactors are specified, the 
permissible deviation from straight line volt-ampere 
characteristics must be specified. If air core re- 
actors of the current limiting type are specified, their 
characteristics always should be straight lines and no 
further consideration need be given to the subject 
of deviation. 


DELTA-Y SWITCHING ARRANGEMENT 


Most furnaces require a variable voltage for their 
operation. This is particularly true of the arc 
furnace for melting cold steel scrap, which usually 
requires a much higher voltage during the melting 
down period. Transformers for such furnaces com- 
monly are provided with switches for connecting the 
high voltage winding in either delta or Y. At the 
start of a heat the high voltage winding is connected 
in delta, and after the melt is well under way it is 
connected in Y so as to give about 58 per cent 
voltage on the furnace for the refining period. 
If the Y-delta switches are mounted separately from 
the transformer, considerable wiring is required and 
only 2 voltages are available; they can be made an 
integral part of the transformer, and the very ob- 
vious advantages of doing this should not be over- 
looked in preparitg specifications. These switches 
are available for various combinations of connections, 
but the majority of furnace transfo1mers in the past 
have used a 4-position switch. Two delta tap volt- 
ages and two Y tap voltages usually are specified. 
By means of terminal board connections between the 
taps in the transformer windings and the switch, 
and also between the taps in the reactor winding and 
the switch, a choice of several transformer voltages 
and several values of reactance may be made avail- 
able. If the reactor is required in the Y connection 
as well as in the delta connections, the switching 
arrangement will be complicated unless a 2-winding 


between transformer (T) 


Connections 
2-winding reactor (R) and delta-Y switch for 2 delta 


Figs 7. 


and 2 Y positions. Positions | and Il are for delta 
connections; Ill and IV, ¥ connections 
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reactor is used, one winding for the delta connections 
and the other for the Y connections, each of which 
may be provided with taps as required. The Y tap 
connections need not correspond to the delta tap 
connections, and an exceedingly flexible choice of 
reactance is thereby available. In Fig. 7 is shown a 
diagram of such a delta-Y switch arrangement. 
These switches may be operated by a motor mecha- 
nism with control button and position indicator on 
the operator’s control panel, or they may be hand 
operated with a handwheel located on the panel or on 
the transformer. The motor operated switch, how- 
ever, is preferred. In all cases the control should be 
interlocked with the primary oil switch as these delta- 
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Y switches are designed for operation only with no 
voltage applied to the transformer. 

It is permissible to shut down most furnaces for 
short periods during the heats to change taps. For 
that reason “load ratio control” transformers de- 
signed for changing taps without interrupting the 
load have not been used extensively. However, 
if any advantages can be obtained in the operation 
of furnaces by changing the voltage without inter- 
rupting the load, or if more chan the 4 operating 
voltages obtained by the delta-Y switching are 
required, then “‘load ratio control’ transformers 
should be considered to determine if their extra cost 
is justifiable. 


magnitude of short-circuit currents is controlled 
through the sectionalized operation of the system 
interconnections. Special attention also is given 
to methods of regaining stability after synchronism 
has been lost. Results of extensive klydonograph 
investigations indicate that switching surges can 
be reduced if the transformer banks are energized 
and deénergized from the low voltage side. Syn- 
chronizing by means of 220-kv circuit breakers is 
being accomplished at Long Beach steam plant No. 
3 and other points on the system. 

Protection of generators, transformers, busses, and 
transmission lines is described in this paper with 
particular emphasis on problems of line protection. 
Brief descriptions of methods of frequency control 
and of insuring continuous power supply to auxiliary 
equipment at the steam plant also are included. 
In conclusion trends are indicated toward future sim- 
plicity in the design of switching equipment and 
arrangement. For example, the practice of high volt- 
age synchronizing permits the elimination of low 
voltage oil circuit breakers, and the development of 
quick starting turbine-generators to insure continu- 
ous auxiliary power supply removes the need of a 
shaft driven auxiliary generator. Auxiliary power 
ordinarily can be obtained through stepdown trans- 
formers from the terminals of the main generators 
or from low voltage system interconnections. The 
greatest change which is indicated for the future is 
in the high voltage interconnection with the system, 
whereby the development of high speed single line 
protection will reduce installation costs, improve 
reliability of service, and facilitate control of short- 
circuit currents. 


GENERAL DESCRIPTION OF SYSTEM 


The system of the Southern California Edison 
Company Ltd. consists essentially of a 220-kv 
backbone, as indicated by Fig. 1. This backbone, 
composed of 3 transmission lines, extends from the 
Big Creek hydroelectric development in Central 
California to the load center of the company with the 
Long Beach steam plant at the south end of the lines. 
Hydroelectric capacity totaling 398,000 kw is located 
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at Big Creek and 200,000 kw of steam generating 
capacity is tied directly to the 220-kv transmission 
lines at Long Beach. Seven substations are located 
along the 220-kv backbone with transformers step- 
ping voltage down to 66 kv, which is the sub-trans- 
mission voltage used on radial feeders from the major 
stations. Some 92,000 kw of stream flow hydro- 
electric capacity is scattered over the system and 
tied to the lower voltage networks. 

The Long Beach steam installation is composed of 
3 plants. Plant No. 1 was started in 1911, has 6 
units ranging from 6,000 to 20,000 kw, and a total 
capacity of 70,000 kw. The generators are operated 
in parallel on an 11-kv bus and 3 transformer banks 
are used for interconnection with the 66-kv busses 
of plant No. 2. Plant No. 2 was started in 1925, 
has 2 units of 42,500 kw and one rated 60,000 kw 
for a total capacity of 145,000 kw. The generators 
in this more modern plant are operated as units with 
their transformers to a 66-kv bus. 

Plant No. 3 was started in 1928, and is at the 
present time composed of 2 100,000-kw generators, 
wound for 16,500 volts and connected as units with 
their transformers. These 2 units are operating 
in parallel on a 220-kv bus, as indicated by Fig. 2. 
Some of the outstanding features of the Long Beach 
steam plant No. 3 of the Southern California Edison 
Company Ltd. are as follows: 


1. All high voltage busses, switches, and transformers are located 
outdoors. Generators and transformers are arranged on the unit 
plan, and a double bus structure and duplicate switches are pro- 
vided for each line and generating unit. 


2. Methods and apparatus for accurate frequency control and for 
insuring continuous power supply to auxiliary equipment have been 
developed in the course of operation of the Long Beach steam station. 


3. The outstanding feature is the magnitude of the ultimate in- 
stallation and its interconnection with the system. With an ulti- 
mate capacity of 800,000 kw planned for the Long Beach steam plant, 
serious consideration had to be given to control of short-circuit cur- 
rents. The rapid growth of the system of the Southern California 
Edison Company Ltd. in the period of years from 1923 to 1930 when 
the peak load increased from 295,000 kw to 583,000 kw created 
similar problems which had to be solved with a minimum of expendi- 
tures. 


During periods of abundant water supply for the 
operation of hydroelectric plants the steam station 
becomes a peak and standby plant. During low 
water periods, the steam station becomes a base load 
plant. 

Since the existing installation in Plant No. 3 is 
composed of 2 generating units and 2 transmission 
lines there are few switching problems encountered 
in its operation. The sections of transmission lines 
between the Long Beach steam station and Ligh- 
thipe, LaFresa, and Laguna Bell substations are so 
short that the switching problems of the whole 
group should be considered, especially since the bus 
and switching arrangement in all of them is essen- 
tially the same. 


STABILITY 


Stability of operation during short circuits on any 
system depends to a very large degree upon the 
speed of switching. This fact is well recognized by 
the industry and every effort is being made to build 
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faster switches. The policy of the Southern Cali- 
fornia Edison Company Ltd. is to buy the fastest 
available switches for future installations and an 
extensive program of speeding up the switches on 
existing facilities is under way. Deion grids are 
being adapted to old Westinghouse oil circuit 
breakers, stronger trip coils are made to replace 
the original ones. In some instances the opening 
time of old 220-kv oil circuit breakers was reduced 
from 20 to 8 cycles by using 25-amp (d-c) trip coils 
instead of 5 amp ones, by shortening the travel of 
the tripping plungers, and by moving the tail stop 
springs to aid in tripping instead of closing. 


RESTORING OPERATING CONDITIONS 


Hand in hand with the problem of maintaining 
stability on the system comes the problem of re- 
storing normal operating conditions after syn- 
chronism has been lost. When instability occurs as 
an aftermath to a short circuit, it is usually the 
hydroelectric plants that are out of step with the 
balance of the synchronous machines. In a case of 
this kind the operators at either Lighthipe or Laguna 
Bell substation sectionalize their 220-kv busses, 
separating the steam station from the system with 
as much load as the former can carry. After 
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Fig. 2. Single 
line wiring dia- 
gram of the main 
circuits of Long 
Beach Steam 

Plant No. 3 
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normal speed and voltage have been restored on the 
2 separate sections of the system, the operator at the 
point of separation parallels his busses with the aid 
of asynchronoscope. The exact point of separation 
is established beforehand and is determined by 
generating capacity on line at the Long Beach steam 
station and loads on transformer banks at the nearest 
220-kv substations. 


100,000-KVA 
GENERATORS 


REACTORS 


CONTROL OF SHORT-CIRCUIT CURRENTS 


The short-circuit kilovoltampere control was 
necessary on the system of the Southern California 
Edison Company Ltd. because of the large amount of 
synchronous condenser capacity required for power 
factor correction and. voltage control. The total 
system generating capacity of 950,000 kva and 
some 550,000 kva of synchronous condenser ca- 
pacity gave a total of 1.5 million kva of synchronous 
machinery which must be considered under short- 
circuit conditions. Over one-half of this capacity is 
concentrated at the 5 major distributing points 
located within a radius of 20 miles. Within this 
area short-circuit control became a real problem. 
It was met by sectionalizing the 66-kv system in the 
area into 4 major groups, interconnected only 
through the 220-kv system. Sectionalizing of the 
66-kv system which previously operated as a closed 
loop was accomplished easily since each key station 
was already equipped with a flexible double bus 
structure and a pair of oil circuit breakers per line. 
It was largely a matter of proper line and load selec- 
tion for each group. This arrangement proved to be 
very satisfactory in line loading, voltage regulation, 
relay protection and reduction of short-circuit kilo- 
voltamperes to within the rating of the old circuit 
breakers. 

A study of this method of operation reveals the 
following: 

1. Almost any degree of short-circuit control can be obtained by 


simply operating a number of small interconnections instead of large 
concentrated blocks of power. 


2. Group operation of the 66-kv system has eliminated the heavy 
short circuits that formerly caused instability of the 220-ky system 
and thereby has greatly improved the quality of service. 
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3. Oil circuit breaker failures have been practically eliminated and 
the cost of overhaul and maintenance reduced to a minimum. 


4. Group operation has simplified dispatching to such an extent 
that it is possible to dispatch all operations through the medium of 
switching centers in each group, thereby reducing delay in restoring 
service following an interruption. 

5. Considerable improvement was obtained in the performance of 
protective relays. 


SWITCHING SURGES 


The installation of reactors or impedors in neutral 
connections to ground of star connected 220-kv 
transformer windings was part of the program of 
limiting fault currents. A General Electric impedor 
was connected in the neutral of the second unit at 
Long Beach steam plant No. 3 (unit No. 11). 
Reactors were similarly connected in the neutrals 
of 2. 75,000-kva banks at LaFresa and one 75,000- 
kva bank at Laguna Bell. Klydonographs were 
connected to the 220-kv lines and across one of the 
reactors at LaFresa in order to investigate the mag- 
nitude of lightning surges. So little lightning dis- 
turbance has been experienced that the main interest 
in the results obtained has been in switching surges. 
It became apparent at once that transient waves of 
voltage occurred that considerably exceeded the 
rated voltage of the transformer windings, particu- 
larly at the neutral ends. A very considerable re- 
duction in surge value resulted when transformer 
banks and lines were switched in such a manner as to 
always open a parallel on the 220-kv side and effect 
the energizing or deénergizing on the low voltage 
side. A similar investigation was made at the Long 
Beach steam station. The results of klydonograph 
investigations together with recorded rushes of 
ground current when transformer banks were ener- 
gized from the high voltage side prompted the adop- 
tion of a policy to reduce to a minimum switching 
operations involving energizing of transformers from 
the 220-kv busses. 


SYNCHRONIZING 


The 2 100,000-kw units at the Long Beach steam 
plant are equipped with fast closing synchronizing 
circuit breakers between the generators and the 
transformer banks. Installation of these low volt- 
age breakers was made necessary by the difficulty 
of obtaining potential for synchronizing on the 220- 
kv side. Potential transformers for 220 kv would 
have been too expensive and impractical, while 
potential devices connected to condenser type bush- 
ings at the time were new and untried. Potential 
networks composed of a small transformer and a 
network of resistance, reactance, and condenser 
which are connected to a 4,000-volt tap brought out 
of the condenser type bushing were first used to ob- 
tain voltage readings on the 220-kv lines. Over 
2 years of satisfactory operation indicated that they 
could be used on the transformer 220-kv breakers to. 
obtain synchronizing potential at a relatively small 
cost. 

A series of tests was conducted at the Long Beach 
steam station late in 1930 to determine the feasibility 
of synchronizing large turbine-generators by means 
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of slow closing 220-kv oil circuit breakers. The 
results of the tests were very satisfactory and as a 
- consequence potential devices were installed on all 
_ circuit breakers and all synchronizing was sub- 
sequently performed on the high voltage side of the 
transformer banks. 

Experience in synchronizing by means of 220-kv 
oil circuit breakers obtained during the last few 
years indicates that in future installations of generat- 
ing units composed of one generator and its trans- 
former bank the 2 may be tied together with no low 
voltage breaker between them. As previously de- 
scribed, the operators at Laguna Bell or Lighthipe 
sectionalize their 220-kv busses during cases of 
loss of synchronism. When normal conditions are 
restored on the separate sections of the system they 
must be paralleled with minimum of time lost. The 
operator has no direct control over the speed of the 2 
sections and must issue orders to the faster group to 
lower its speed to that of the slower one and then 
parallel his busses whenever the 2 sections are 
operating at approximately equal speeds and are 
nearly in phase. The success of this operation de- 
pends largely on the good judgment of an operator. 


PROTECTION OF GENERATORS AND TRANSFORMERS 


Both generators and transformers at the Long 
Beach steam plant are equipped with standard 
types of differential protection. Percentage dif- 
ferential type relays are used with both generators 
and the transformers of unit No. 11 while standard 
overcurrent relays are used with the bank of unit 
No. 10. The transformer differential relays trip 
all high and low voltage oil circuit breakers of the 
unit, and the generator field circuit breaker. A dif- 
ferential operation of the generator relays trips the 
low voltage breakers, the field breaker, a breaker in 
neutral connection to ground, discharges tanks of 
carbon dioxide into the enclosed ventilating system 
of the generator, and trips the motor driven air 
blowers. An atmosphere of 25 per cent carbon 
dioxide can be maintained for 30 min. No overload 
protection is used with the units to avoid trip- 
out on loss of synchronism. Past experience indi- 
cated that overload relays invariably operate on loss 
of synchronism and since separation is made at the 
substations it was desired to keep the units on the 
line during out of step conditions. 

The differential protection of transformers is not 
sensitive enough to detect insulation failure between 
turns. In several instances failures of this kind 
caused considerable damage before a sufficient num- 
ber of turns were short-circuited to cause a differen- 
tial operation. Two methods of short-circuited 
turn protection are used at Long Beach. The low 
voltage windings of unit No. 10 transformers are 
composed of 2 coils connected in parallel. The cur- 
rents of both coils of the winding are balanced in a 
percentage differential relay. Short-circuited turns 
in the transformers of unit No. 11 are detected 
by coils inserted between the windings and the core 
so that their axis is at right angle to the axis of the 
windings. These detector coils operate a current 
differential relay. Both arrangements of  short- 
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circuited turn protection trip the same switches that 
are tripped by transformer differential relays. 

Since turbine-generators have an inherently low 
zero phase sequence reactance it was found advisable 
to install current limiting reactors in the neutral 
connection to ground of the generators, and in order 
to provide adequate protection against faults to 
ground on the delta connected low voltage side of the 
transformers, overcurrent relays were connected in 
the neutrals. These relays also trip the same 
breakers as the differential transformer protection. 


PROTECTION OF BUSSES 


Each bus or section of bus where busses are sec- 
tionalized by means of oil circuit breakers is equipped 
with 3-phase differential protection. The bus dif- 
ferential type of protection used by the Southern 
California Edison Company Ltd. has a _ perfect 
record of 100 per cent correct operation. It con- 
sists of parallel connection of current transformers in 
each phase of incoming and outgoing feeders and an 
overcurrent relay with a very low time and current 
setting. Any type of short circuit or fault is de- 
tected by such an arrangement and all oil circuit 
breakers connected to the bus are tripped. Unless 
both busses are involved, no interruption to service 
results. Differential protection is unquestionably 
the best method of protection in existence but unfor- 
tunately the very nature of its connections limits its 
application to equipment located at one station. 
The problems of line protection would not exist 
were simple differential protection applicable to 
widely separated terminals. 


PROTECTION OF TRANSMISSION LINES 


Double circuit transmission lines are used for 
220-kv transmission as well as for the more important 
66-kv feeders. It was possible then to obtain 
high speed of clearing faults through the use of bal- 
anced line protection. A current balance type of 
relay is used with each pair of lines and it is con- 
nected to detect unbalance of residual (or ground) 
currents in the lines. In addition to balanced pro- 
tection each line is equipped with a separate residual 
overcurrent relay which is operative whenever one 
of the transmission lines is taken out of service. 
The inadequacy of the latter has been illustrated by 
several cases of system disturbance which resulted 
when short circuits occurred on single lines. 

The use of residual currents for both the balanced 
and single line protection is due to the fact that in 
past years nearly 90 per cent of all line faults were 
single conductor to ground resulting from insulator 
flashovers. A relay system initiated by residual 
currents is considerably more sensitive to this kind 
of fault than are relays operated by phase currents. 
Efforts have been directed toward the development 
of additional protection to take care of multi-phase 
short circuits and some reliable form of single line 
protection. 

Installation of instantaneous 3-phase overcurrent 
relays on all 220-kv and 66-kv lines at major sub- 
stations of the company is under way at the present 
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time in order to provide protection against short 
circuits not invelving ground return currents. The 
application of this type of relay is limited as it has a 
definite current setting and no time characteristic. 
The little experience gained so far shows that these 
relays provide adequate protection against severe 3- 
phase and phase to phase short circuits. The unde- 
sirable sequence relaying is still present however and 
will not be completely eliminated until an adequate 
high speed single line protective scheme is per- 
fected. The ideal high speed single line protection 
would be one nearest approximating the simple dif- 
ferential protection of busses and equipment, that is, 
one that balances the output of the line against the 
input. Numerous pilot wire and carrier current pro- 
tective devices have been recently proposed and a 
number of them are on trial at various stations of 
the company. It is too early to draw conclusions 
from these trial installations. Suffice it to say that 
when a reliable and relatively simple single line re- 
laying system is perfected it will eliminate the prob- 
lem of protection as a factor in the design of high 
voltage transmission. 


FREQUENCY CONTROL 


Strict requirements of a constant frequency for the 
sound motion picture industry and the appearance 
of electric clocks on the market prompted the de- 
velopment of equipment for accurate speed regulation 
on the system of the Southern California Edison 
Company Ltd. The problem was complicated by 
nature of the company’s load, sudden swings of some 
10,000 kw being a rule rather than an exception. 
Equipment has been developed that controls the 
speed of the system within a fraction of a cycle and 
compensates automatically for any deviation which 
may creep in so as to maintain an average frequency 
of exactly 50 cycles over longer periods of time. 
The general method of frequency control is to operate 
all but one of the power plants at constant load 
(blocked) and have one plant or generating unit 
operating under automatic frequency control. 
When a sufficient change in load on the regulating 
station takes place manual readjustment of loads 
on other stations is performed to operate as near to 
best efficiency as permissible under these conditions. 


AUXILIARY POWER 


An important item in the operation of steam sta- 
tions is a reliable supply of power for auxiliary equip- 
ment. This power is normally supplied from 
a small generator coupled to the shaft of the main 
generating unit. Operation of plant No. 2 during 
sustained heavy overloads showed that when the 
speed of the main turbine-generators dropped so did 
the frequency and voltage of the auxiliary system 
with consequent disturbance of functions of pumps 
and other auxiliary apparatus. In order to insure 
adequate auxiliary power supply during emergencies 
3 quick-starting turbine-generators were installed 
in plant No. 2 and plant No 3. These turbine- 
generators can be started from standstill and thrown 
on the line in 13 sec. The switching over of the 
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auxiliary load from the normal source of supply to 
the emergency turbine-generator is done auto- 
matically from one control button. During the 
switching operation the auxiliary power busses are 
deénergized for less than 0.5 sec. The motor driven 
exciters of the main generators are also equipped 
with steam turbines which have a governor setting 
slightly below normal speed, thus insuring continuous 
excitation for the main generators. 


CONCLUSION 


In concluding it will be well to indicate some of the 
trends in the design of the steam station and its 
interconnection with the system. As a direct result 
of the practice of high voltage synchronizing the 
elimination of low voltage oil circuit breakers was 
made possible. The development of quick starting 
turbine-generators to insure continuous auxiliary 
power supply removes the need of a shaft driven 
auxiliary generator. Auxiliary power can be readily 
obtained through stepdown transformers from the 
terminals of the main generators or from low voltage 
system interconnections. The greatest change by 
far would be in the high voltage interconnections 
with the system. In the original plans the ultimate 
800,000-kw steam plant was to be connected to the 
Lighthipe substation through 4 220-kv transmus- 
sion lines and pairs of lines from Lighthipe were to 
feed LaFresa and a future substation to the east of 
Lighthipe. The development of high speed single 
line protection will make it possible to loop the 2 
future lines through LaFresa and the future sub- 
station, thereby saving the cost of installation of 4 
line positions on the Lighthipe 220-kv busses, pro- 
viding for reliability of service and facilitating con- 
trol of short-circuit currents. The busses at the 
Long Beach steam plant No. 3 will be sectionalized 
with 2 generating units and a transmission line to 
each section. Such an arrangement will permit 
operation of the 220-kv system in a manner similar 
to the one used on the 66-kv system of the com- 
pany. It will be possible to operate Long Beach as 
4 separate steam plants of 200,000-kw capacity inter- 
connected through several transformer banks in 
series. Thus the transmission lines and _ trans- 
formers will be operating in parallel to the load and 
in series to a short circuit. 
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Fundamentals of Design of 
Electric Energy Delivery Systems 


Fundamental economic factors involved in 
the design of systems for delivering electric 
energy to typical urban load areas are dis- 
cussed and analyzed in this paper. The 
fundamental principles presented already 
have been applied in a practical way in 
the design of a radial system recently 
built in Buffalo, N. Y. Engineering studies 
upon which the selection of that system 
was based led to the conclusion that for 
areas of load densities too low to justify 
a low voltage network, a properly designed 
radial system is likely to be the most 
economical and satisfactory system. 
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Dy of electric energy to con- 
sumers from a generating or receiving station within 
a load area embraces 3 steps, namely, subtransmis- 
sion, substations, and distribution. In considering 
the cost of such delivery, all of these steps must be 
included; and in applying the fundamental prin- 
ciples involved in the design of a delivery system, 
a proper economic balance should be established 
among these 3 elements for best over-all results. 

Development of automatic equipment, eliminating 
the need of operators in substations, has opened 
the way for the attainment of an ideal balance of 
cost of these 3 elements, thus making possible a 
rational design for minimum over-all delivery system 
cost. At one extreme may be found relatively short 
subtransmission lines, large substations, and long 
distribution feeders. At the other extreme the 
subtransmission lines may be carried clear to the 
distribution transformers, eliminating the substa- 
tions and distribution feeders entirely as is done in 
the low voltage network system. Between these 
2 extremes an infinite number of combinations is 
possible. As the subtransmission lines are extended 
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further toward the consumer the substations become 
smaller and closer together and the distribution 
feeders shorter. For every value of load density 
there is probably one theoretically most economical 
combination. Practically, the requirements usually 
may be handled economically by 2 such combina- 
tions: a low voltage network for high density com- 
mercial sections, and a system of small substations 
with relatively short 2.3/4-kv distribution feeders 
for the remainder of the area. 

For the 2.3/4-kv distribution system 2 alternative 
connection schemes are available: the network 
scheme, and the radial scheme. From an analysis of 
comparative costs, advantages, and disadvantages of 
each, the conclusion is reached that for large areas, 
at least, the radial scheme besides being less costly 
is more flexible and economically adaptable to growth 
and changes in load conditions. 

Proper application of these fundamental prin- 
ciples results in the simplification of substation 
design, with consequent reduction of cost. In this 
connection, the “firm rating factor’ also is impor- 
tant in determination of system design; the use of 
small units increases this factor and thereby tends to 
reduce cost. 

Practical application of the fundamental principles 
discussed is illustrated by the radial system recently 
designed and built in Buffalo, N. Y., this type of 
system having been selected after comparisons 
with alternative intermediate voltage network sys- 
tems had been studied for the same load area. The 
general conclusion reached as a result of those 
studies is that for areas of load densities too low to 
justify a low voltage network, a radial system 
properly designed in accordance with the prin- 
ciples outlined is likely to be the most economical 
and satisfactory system. 


DISTRIBUTION TERMS NEED TO BE DEFINED 


In these critical times it seems particularly neces- 
sary, if misunderstanding and misinterpretation 
by critics of electric power companies are to be 
avoided, to define meticulously the terms used in 
any statements made by the engineers of those 
companies. The term “distribution” especially is 
one that has been used somewhat loosely. Specifi- 
cally, this term is applied to that part of the electrical 
system lying between the outgoing terminals of the 
distribution substations and the ingoing terminals 
of the consumers’ premises. In its broadest aspect, 
however, distribution embraces the entire plant 
and process involved in the transportation of electric 
energy from the point of its production to the 
points of its use. In the modern large power system 
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this process ordinarily takes place in 3 distinct steps, 
namely: 

1. From generating stations to large receiving stations located in 
the area to be served. This step variously is called “high voltage 
transmission,” “main transmission” or just “transmission.” The 
receiving station sometimes is called a “terminal station”; some- 
times a ‘‘type A (to Z) substation,” a ‘main substation,” a “trans- 
mission station,” a “transmission substation,’’ or by some other 
name particularly appealing to the individual concerned. 


2. From the receiving station to the distribution substations. 
This step, originally called ‘‘transmission” before the advent of high 


voltage transmission, now usually is called ‘‘subtransmission.” 
8. From the distribution substations to the consumers. This step 


is that specifically known as ‘‘distribution.”’ 


In view of the lack of standardization of terms 
to designate the several parts of the process and 
system as indicated, perhaps power system en- 
gineers have only themselves to blame if some of their 
critics persist, as they seem to do, in misunderstand- 
ing the fact that the distribution substation and the 
transmission substation are 2 distinct and separate 
entities and not one and the same. When (and if) 
such critics finally do recognize this fundamental 
fact perhaps then they will desist from their present 
practice of implying that the entire cost of “‘elec- 
tricity” is the ‘‘gateway”’ cost plus the “‘distribu- 
tion’”’ cost, and in their speeches and publications 
will take some account of the influence of “‘sub- 
transmission lines’ and “‘receiving stations’ on the 
cost of electric service. 

During the last few years leading power system 
engineers, recognizing the existing confusion of 
thought and nomenclature, and reflecting the current 
shift in emphasis and point of view from generation 
to distribution, have been thinking not in terms of 
generation, transmission, and distribution, but in 
terms of “‘load area’’ systems and the “‘bulk power”’ 
system; that is, in terms of delivery within, and 
supply to, given load areas. The individual load 
areas are geographical subdivisions which for natural, 
economic, political, or other reasons are served con- 
veniently from a given point of supply. The 
bulk power system is the combination of receiving 
stations, transmission lines, and generating sta- 
tions used to supply bulk power to the load areas. 
That is to say, the bulk power system is the modern 
interconnected substitute for the uneconomical and 
outmoded isolated generating station. 

Within any individual load area the process of 
the delivery of electric energy embraces the process 
of subtransmission as well as that of distribution. 
In most cases both of these are necessary. How 
much of the process of delivery should be assigned 
to each is a matter of economic determination, and 
hence may vary greatly with the state of develop- 
ment of the art. The purpose of this paper is to 
point out some of the fundamental economic factors 
involved in the design of load-area delivery systems 
as affected by recent advances in the art. 

The following nomenclature will be used: 

1. A ‘load area’’ is a geographical area, usually determined for 


natural or economic reasons, that is supplied with electric power as 
a unit and in general mainly from a single receiving point or station. 


2. The “‘bulk power system” is the combination of receiving sta- 
tions, transmission lines, and generating stations used to supply 
energy in bulk or wholesale quantities to load areas. 
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3. “Generation” means energy production plant and process to and 
including the generator voltage bus or equivalent point. 


4. “Transmission” will include step-up transformation at generat- 
ing stations and transmission lines thence to load area receiving 
stations. 


5. A “receiving station” will indicate a station receiving energy for 
delivery throughout a load area. Since it replaces a generating 
station it is a part of the bulk power system. 


6. ‘Delivery’ will mean the entire plant and process involved in 
the transportation of energy from a receiving station to consumers 
within a load area. 


7. ‘“Subtransmission’” will mean the plant and process involved 
in the transportation of energy from a receiving station to distribu- 
tion substations within a load area. It is thus a subdivision of 
delivery. 


8. A “substation’’ will mean a station receiving energy from a sub- 
transmission system and delivering it to a distribution system. 
The substations are a part of the delivery system. 


9. “Distribution”? will mean the plant and process involved in the 
transportation of energy from the distribution substations to the 
consumers within a load area. It is also a subdivision of delivery. 


10. ‘Installed capacity” of a station or group of stations is the sum 
of the rated capacities of all units installed therein of the kind of 
equipment that performs the major function of the station or group. 


11. “Spare capacity” is the rated capacity of equipment installed in 
anticipation of breakdown or other service interruption of units of 
equipment. 

12. ‘Firm rating’’ is the maximum load that the station is designed 
to carry with the spare capacity out of commission. 

13. ‘‘Firm-rating factor’ is the ratio of firm rating to installed 
capacity. 

Methods used to provide electric service in any 
particular load area depend on the size of the area, 
the character and density of the load, and the 
available sources of power. An area to be served 
from a nearby generating station might be treated 
quite differently from an area to be served from high 
voltage transmission lines with one or more re- 
ceiving stations delivering power to the subtrans- 
mission system within the area. The presence 
of a nearby generating station may be a large factor 
in determining the voltage and arrangement of the 
subtransmission system, and may affect the choice 
of voltage and the number of receiving stations or 
main distributing centers; whereas, in a territory 
served from high voltage transmission lines, there 
may be greater freedom in the choice of the sub- 
transmission voltage and the number and location of 
receiving stations. 

The problem considered in this paper is that of a 
typical large urban load area served from a nearby 
generating station. It is the intent to show the 
effect of various factors in the determination of a 
proper balance between transmission, subtrans- 
mission, substations, distribution feeders, etc., that 
will result in minimum over-all cost consistent with 
satisfactory reliability, efficiency, flexibility, voltage 
regulation, etc. 

The principal elements of the problem are the 
determination of the voltage and arrangement of 
the subtransmission system, the size, type, and 
system of connection of substations and the capacity, 
length, voltage, and arrangement of distribution 
feeders. The secondary mains and service laterals 
will not be considered in this paper. With this 
exception, the entire problem of “delivery” within 
the load area will be considered as a whole, assign- 
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ing to each element such place, magnitude, and 
function as to give the best over-all results in the 
light of fundamental principles, and fully recognizing 
the opportunities offered by recent advances in the 
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FUNDAMENTAL PRINCIPLES 


Some of the fundamental principles affecting the 
design of any load area delivery system are as 
follows: 


1. The choice of the voltage for transmitting electric power de- 
pends not only on the distance, but also on the amount of power to be 
transmitted. 


2. A proper economic balance should be established between sub- 
transmission lines, substations, distribution feeders, etc., for the best 
over-all results. 


3. The “‘firm-rating factor,” or the ratio of “firm rating’’ to total 
installed capacity, is one of the most important factors in the over-all 
cost of any load area delivery system. 


In applying these fundamental principles advan- 
tage should be taken of recent advances in the art 
which have a decided effect on the problem of load 
area delivery system design. The most important 
of these recent developments are (1) automatic 
substation equipment, and (2) unit type of con- 
struction. 


CHOICE OF VOLTAGE | 


Choice of the voltage for transmitting electric 
power depends not only on the distance, but also 
on the amount of power to be transmitted. The 
effect of the amount of power often is overlooked 
though, as a matter of fact, it really affects the 
choice of voltage to an even greater extent than the 
distance. For instance, the proper voltage for trans- 
mitting a large block of power a distance of 100 
miles’ probably would be at least 100 kv though 
the proper voltage for smaller amounts of power 
probably would be considerably less. An extreme 
case of this is found in modern telephone systems 
where very small amounts of power are transmitted 
100 miles or more at voltages of the order of 100 
volts. 

The problem of determining the proper voltage for 
transmission often is encountered when a generating 
station is located on the outskirts of a city, and a 
choice must be made between high voltage trans- 
mission lines around the city to one or more main 
distributing centers on the opposite side for supplying 
some of the substations as compared with under- 
ground transmission direct from the generating 
station to all of the distribution substations at the 
voltage of the generating station bus. In many cases 
the over-all cost of the system would be higher 
with high voltage lines around the city than with 
underground transmission direct from the generat- 
ing station, unless the amount of power to be trans- 
mitted to the opposite side of the city is quite large. 
In any case the reliability of service would be 
greater with a comparatively large number of under- 
ground circuits than with a smaller number of over- 
head lines. 


DECEMBER 1933 


This particular problem was encountered in 
Buffalo, N. Y., in connection with the building of 
the new 60-cycle delivery system. Experience in the 
development of the older 25-cycle system had led 
to the adoption of 22 kv for underground sub- 
transmission in Buffalo as long ago as about 1920. 
The principal source of power for the 25-cycle 
system was the 66-kv transmission lines from 
Niagara Falls. These lines served 2 main receiving 
stations on opposite sides of the city. The C. R. 
Huntley Steam Plant operated principally as a 
stand-by station and was connected into the system 
at one of the 2 main receiving stations. 

In the 60-cycle system, however, it was evident 
that the principal source of power would be the 
new C. R. Huntley Steam Plant No. 2 which was to 
be located about 8 miles from the center of gravity 
of the load. It is about 4 miles from the generating 
station to the nearest substation and about 16 
miles to the farthest substation. The shortest 
available route for a high voltage transmission 
line to a receiving station on the opposite side of 
the city is about 20 miles. The total load involved 
is a little more than 100,000 kw. Studies indicated 
that the over-all cost of the system would be less 
with 22-kv underground transmission direct from 
the generating station to all of the distribution sub- 
stations than with part of the substations supplied 
from the generating station and the rest supplied 
from a receiving station on the opposite side of 
the city with the necessary high voltage trans- 
mission lines, step-up and step-down transformers, 
and switching equipment. | 

Any of 3 conditions may change this situation 
in the future so that a high voltage system probably 
would be justified if: (1) the amount of power that 
could be distributed from the opposite side of the 
city increased to an amount of the order of 100,000 
kw or more; if (2) a major source of power should 
be made available from elsewhere at high voltage 
in the future, because then it would be necessary 
to provide step-down transformers somewhere and 
their location would not greatly affect the cost; or 
if (8) continued growth should result in congestion 
of ducts and cables or excessive concentration of 
capacity at and near the generating station. This 
problem would be quite different if the subtransmis- 
sion voltage were lower, and it might be affected 
by other local conditions. Each case therefore 
should be considered on its merits before arriving at a 
decision. 


BALANCE BETWEEN 
SUBTRANSMISSION AND DISTRIBUTION 


A proper economic balance should be established 
among subtransmission lines, substations, distribu- 
tion feeders, etc., for the best over-all results in any 
load area delivery system. Obviously, the sub- 
transmission circuits should reach as near to the 
load as practicable in order to take full advantage 
of the subtransmission voltage before stepping it 
down. However, it would be a fallacy to extend 
these circuits to such a point that their additional 
cost would exceed the saving in distribution circuits. 
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The determination of this balance between sub- 
transmission and distribution circuits is influenced 
greatly by the size and spacing of substations as 
well as by the difference in voltage. It is one of 
the most important of the problems involved in 
delivery system design. The best over-all results in 
any delivery system will be obtained with a proper 
balance between subtransmission lines, substations, 
distribution feeders, etc. 


FirM-RATING FACTOR 


The firm-rating factor, or the ratio of firm rating 
to total installed capacity, is another highly im- 
portant factor in the over-all cost of any distribu- 
tion system. While the cost per unit of capacity 
of most electrical equipment varies inversely with 
the size of the unit, the use of small units nevertheless 
may result in a lower over-all cost on account of the 
higher firm-rating factor which may be obtained 
by the use of small units. As an illustration, a 
substation designed for 6,000 kva with one spare 
transformer unit may be designed with different 
numbers and sizes of units resulting in different 
firm-rating factors as shown in Table I. 


Table I—Firm-Rating Factor as Affected by the Number and 
Size of Individual Units 


Firm Firm- Firm- 
Total Rating, Rating Rating 
Size of Installed Kva Factor, Factor 
No. of Units, Capacity, (Without Without With 25% 
Units Kva Kva Overload) Overload Overload 
Diveresews 6,000...... 12 O00 ce viel 6,000 sc66.- 0°50... 2. 0.625 
Gas eiens SOOO Le aes R000 civ 1G; OOO Te erst 6Or revere -e. 0.833 
Aras cles 2 OOO rear teuers SOOO err aer 6,000.2 Once seers 0.937 
Oiasteselees 1 BOO tiki. 000. Slew 6/000 asern. 0.30.20. 1.000 


The over-all cost of such a substation with small 
units and a high firm-rating factor may be less than 
the cost with large units and a lower firm-rating 
factor. The firm-rating factor is equally important 
in the transmission system or in any part of the sys- 
tem where provision must be made for taking equip- 
ment out of service without interruption. 


DESIGN OF SUBSTATIONS 


The distribution substation is undoubtedly the 
most important element in the distribution system 
in any load area. Advances in the art have intro- 
duced opportunities for revolutionary changes in 
the design of substations which completely change 
the entire problem of delivery system design. 

In the early days it was necessary to provide con- 
tinuous manual supervision of all important sub- 
stations, and the cost of this supervision made it 
necessary to limit the number of substations. This 
resulted in rather large substations serving large 
areas, and required long distribution feeders with 
considerable inequalities in the lengths of individual 
feeders. This made it necessary to provide in- 
dividual voltage regulators on each feeder. The 
short-circuit current available in these large sub- 
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stations often reached values above the safe limits 
of the feeder regulators and made it necessary in 
many cases to provide feeder reactors to protect the 
regulators. 

Probably the most important single development 
in load area engineering in the present generation 
was the introduction of automatic substation equip- 
ment. It entirely eliminated the need of continuous 
manual supervision, thus introducing the possibility 
of splitting up the substations almost without limit. 
This offered the opportunity of using a much larger 
number of substations, located much nearer their 
respective loads, and permitted extending the sub- 
transmission circuits and shortening the distribu- 
tion feeders. This made possible an entirely differ- 
ent balance between subtransmission and distribu- 
tion circuits as compared with the balance when 
manual supervision was required. Naturally there 
was a considerable time lag before full advantage 
could be taken of these possibilities, and even now 
the influence of the old practice still may be recog- 
nized. Automatic equipment often has been used 
in large substations without taking advantage of the 
opportunity to split up the substations and obtain 
a more advantageous balance between subtransmis- 
sion and distribution circuits. 

One might naturally assume that the cost per 
unit of capacity of small substations would be higher 
than that of large substations, but this is not neces- 
sarily the case as the conditions controlling the 
design of substations change completely with their 
size and spacing. The use of smaller substations 
results in closer spacing and in shorter distribution 
feeders, and consequently less difference in the 
length of individual feeders. This eliminates the 
need of individual feeder regulators and permits the 
use of bus regulators using larger regulator units 
at a lower cost per unit of capacity. The total 
regulator capacity required for bus regulators is 
usually less than for individual feeder regulators on 
account of diversity between feeders, and this re- 
sults in further savings. The short-circuit current 
can be kept low in small substations, and this permits 
further savings by omitting feeder reactors or by 
using smaller circuit breakers or both. There is 
much greater freedom in the choice of locations for 
small substations as they can be placed on small 
lots in almost any neighborhood; this may result 
in a lower total cost for land even though more par- 
cels are required than for a system with large sub- 
stations. These factors may combine to make the 
cost per unit of capacity for small substations no 
greater and in some cases considerably less than that 
for large substations. 


SWITCHING EQUIPMENT Vs. 
More TRANSFORMERS OR CIRCUITS 


While a certain amount of switching equipment 
always is necessary, and while additional switching 
equipment sometimes will increase the usefulness of 
transmission circuits, transformers, or other equip- 
ment, in many cases the cost of additional switch- 
ing equipment would be higher than the cost of 
additional circuits or other equipment that would 
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accomplish even more than the additional switching 
equipment. For instance, the cost of a single 22-kv 
oil circuit breaker of reasonable interrupting ca- 
pacity with the necessary structure and accessories 
may equal or exceed the cost of 10,000 kva of sub- 
station transformer capacity, or 2 miles of under- 
ground cable. The space occupied by switching 
equipment also may be an important factor in 
pening how much of this equipment should be 
used. 

In the early days it was common practice to 
provide high voltage switching equipment for each 
incoming line and for each transformer bank. The 
first important change in this practice consisted of 
connecting each subtransmission circuit directly to 
one substation transformer of about the same ca- 
pacity and omitting the high voltage bus and switch- 
ing equipment. The next important change in 
this practice consisted of connecting each subtrans- 
mission circuit to several transformers in different 
locations. This practice has become quite common 
in low voltage a-c networks, but the same scheme 
can be used to good advantage in serving distribu- 
tion substations and, so applied, permits taking 
advantage of the economy of large transmission 
circuits, small distribution substations, and small 
units in each substation, all at the same time. (See 
Fig. 1.) 

Another important factor in the design of sub- 
stations is the use of smaller units than commonly 
have been used in the past. The principal advan- 
tage of the use of small units is the opportunity to 
obtain a high firm-rating factor by using more 
units in each substation. Small units also present 
an opportunity to take maximum advantage of 
standardization and unit type of construction, and 
permit the installation of additional capacity in 
small increments when and where it is required. 

Another very important factor affecting the cost 
of substations is the physical arrangement of the 
equipment in the substation. Appreciable savings 
can be made by so arranging the equipment that a 
minimum of aisle space is required. Switching 
structures can be designed to require an operating 
aisle on only one side, and this alone permits appreci- 
able savings particularly if the other equipment 
in the substation is so placed as to take advantage 
of the same aisle. (See Fig. 3.) 

There are 2 other important advances in the art 
which affect the problem of distribution substation 
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Diagram of typical group of subtransmission 
circuits in Buffalo 


Fig. 1. 


Each subtransmission circuit serves several units in different 
locations permitting the use of large circuits even with small 
substations and small substation units 
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design. The more general use of self-cooled trans- 
formers, resulting from improvements in trans- 
former design and construction, offers greater free- 
dom in the determination of the size and spacing 
of substations by the elimination of water cooling. 
The introduction of metal enclosed bus and switch- 
ing structures greatly facilitates standardization and 
unit type of construction. 
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2.3/4-KV OUTGOING FEEDER 


Fig. 2. Diagram of typical distribution substation 
in Buffalo 


Units paralleled on the low voltage side only with no high 
voltage bus or automatic high voltage switching 


The use of small automatic substations with 
small units and with a minimum amount of switching 
equipment probably offers greater opportunities for 
savings than any other element in the design of load 
area delivery systems. 


SMALL UNIT TYPE SUBSTATIONS AT NIAGARA FALLS 


One of the first applications of small, unit type of 
substation construction to a general distribution 
system was made at Niagara Falls starting in 1925. 
This was not a complete revamping of the system, 
but involved only rather minor additions to the 
existing systein to take care of the growth of the 
load. In this case the subtransmission voltage is 
12 kv and each subtransmission circuit serves 2 
2,000-kva units in 2 different substations. The 
initial installation consisted of 4 units, 2 of which 
were installed as single unit substations with re- 
serve connections from the old 2.3-kv distribution 
system. Additional units have been installed as 
required by the growth of the load until at present 
there are 13 units installed at 5 different substations. 
Some of these substations still depend on the old 
2.3-kv distribution system for reserve connections, 
but others are entirely independent of the old system. 
The old system is still in service and will continue 
in service to the limit of its capacity without any 
undesirable effect on the newer parts of the system. 


New SYSTEM IN BUFFALO 


An outstanding example of what can be accom- 
plished by the use of small substations with small 
standardized units is the new 60-cycle load area 
delivery system in Buffalo, a description of which 
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has been published. (See “100,000-Kw Distribution 
System as a Single Project,” Electrical World, 
July 25, 1931.) In this system the subtransmission 
voltage is 22 kv and each subtransmission circuit 
serves 4 2,500-kva units in 4 different substations. 
The subtransmission circuits are all underground 
because of city ordinances. There is a total of 26 
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Fig. 3. 


Floor plan of typical distribution substation in 
Buffalo 


Placing the equipment along a single aisle permits compact arrange- 
ment without sacrificing accessibility or safety 


substantially identical substations each serving a 
territory of about one square mile (except in the 
outlying sections). The initial installation at each 
substation consists of 3 2,500-kva units served 
from 3 different subtransmission circuits, and paral- 
leled on the low voltage side only. There is no high 
voltage bus or switching equipment except a non- 
automatic oil disconnecting switch for each trans- 
former. Provision is made for at least 5 units at 
each substation location. The transformers are 
located in compartments accessible from the out- 
side of the building and may be enclosed readily 
in locations where noise is a factor. (See illustra- 
tions.) 

The low voltage switching equipment consists of a 
main bus and a transfer bus with one oil circuit 
breaker for each transformer circuit and each feeder, 
and with bus section breakers in the main bus be- 
tween units. Bus regulation is provided by a bank 
of induction regulators in the low voltage circuit of 
each transformer bank. A simple wattless com- 
pensator scheme insures stability between regulators 
and permits compensation for line drop even though 
the regulators are paralleled on the load side. 

All switching is done in the 4-kv circuits. The 
transformer circuits are equipped with overcurrent 
and reverse power relays, thus providing full auto- 
matic protection to isolate faults in subtransmission 
circuits, substation transformers, or regulators, 
without any interruption to service. With this 
scheme, low voltage a-c network units may be and 
are supplied from the same transmission circuits as 
substation units. This permits spreading the supply 
to the low voltage a-c network over a large number 
of different subtransmission circuits and taking 
advantage of the diversity between substation and 
network loads in the subtransmission circuits. 

Careful attention was given to the physical 
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arrangement with the result that, while all of the 
equipment is readily accessible, these substations 
occupy an area of only about 0.25 sq ft per kva of © 
installed capacity. including the transformer com- — 
partments. This was accomplished by designing 
the low voltage switching structure in such a way 
that it requires an operating aisle on only one side, 
and by providing a single central aisle running the 
full length of the substation with the low voltage 
switching structures along one side and the regula- 
tors and high voltage oil disconnects along the other. 
By this arrangement a minimum of space is occupied 
without sacrificing accessibility or safety, for there 
are at least 2 ways out from any place in the sub- 
station where men have occasion to work (see Fig: 3). 

Distribution feeders are comparatively small, 
and the only additional equipment required for 
additional feeders is the feeder breakers which are 
small because of the low short-circuit capacity of 
the small substations. The distribution feeders are 
so short that there is no need of carrying the main 
feeder to the load center and providing radial 
branches from there. Instead, the load is picked up 
along the main feeder without any duplication be- 
tween the feeder main and branches. With the © 
small short distribution feeders, each feeder has a 
limited exposure and the number of customers 
affected by an outage is comparatively small. 

While this is probably the largest load area de- 
livery system ever built at one time as a single — 
project, the striking economies realized in this system 
were not the result of the unusual conditions in- - 
cident to the construction of an entire system at one | 
time, but were due almost entirely to the careful 
application of the fundamental principles expressed ~ 
in this paper. The substations are small, simple, 
unit type substations providing a high degree of 
reliability of service with a minimum of switching 
equipment. The firm-rating factor is high for 
both substations and subtransmission circuits, and 
there is a proper balance between subtransmission 
and distribution circuits. 


COMPARISON OF PRIMARY NETWORK 
AND RADIAL SYSTEM USED IN BUFFALO 


Before the new system in Buffalo was built, careful 
consideration was given to the choice of the type of 
system to be used. For the principal business dis- 
trict, the low voltage a-c network was adopted. 
For the rest of the territory, several different schemes 
were considered. Early studies clearly indicated 
the advantage of small automatic substations with 
short distribution feeders, and the choice soon 
narrowed down to 2 schemes: (1) the primary net- 
work, and (2) the radial system finally adopted 
which really was the outgrowth of the earlier applica- 
tion of these ideas at Niagara Falls. Further study 
of these 2 schemes indicated definitely that a radial 
system with small, unit type, automatic substations 
would be at least the equal of the primary network 
in reliability, efficiency, and operating characeristics, 
and would be more flexible and would cost consider- 
ably less than a primary network with equivalent 
firm rating. 


ELECTRICAL ENGINEERING 


Two particular difficulties in the primary network 
scheme were brought out in the studies. One is 


_ that the irregularities in the system caused by 


parks, waterways, railroads, etc., affect the firm- 
rating factor to a much greater extent in a primary 
network than in a system with separate substations. 
The other difficulty is that, even in a uniform net- 
work, the load will not divide uniformly among the 


_ transformers in service under all conditions of opera- 


tion on account of the impedance in the network. 
The effect of this is 2-fold: It requires more trans- 
former capacity than might be expected in a net- 
work, to avoid excessive load on any unit when some 
units are out of service; and it dictates the location 
where transformers must be installed, as load cannot 
be forced at will from one location to another in a 
network. This difficulty is encountered both in 
the initial installation and in providing for growth 
of the load, which means that units must be placed, 
or added, at or near the loads they are intended to 
carry. 

In the Buffalo radial system the load on each 
substation always will divide uniformly among 
the transformers in service; the division of load be- 
tween substations can be controlled definitely, and 
load may be shifted and forced from one substation 
to another from time to time at will, by simply 
cutting and rearranging the distribution feeders. 
Ordinarily this would consist of transferring sections 
of distribution feeders from one feeder to another 
in the areas where the feeders from one substation 
meet those from another substation. In such a 
system, where the substations are comparatively 
close together, the flexibility in this respect is almost 
unbelievable. 

Recognition ot these factors in the studies in- 
dicated that the total transformer capacity required 
for a primary network would be as great, or even 
greater than that required for the Buffalo radial 
system. The studies indicated that the total mile- 
age of subtransmission circuits required for a pri- 
mary network would be considerably greater than 
for the Buffalo radial system because of the scattered 
locations of substations and the need of interleaving 
in the network. Some additional subtransmission 
mileage might be justified if a saving could be made 
in distribution circuits, but these studies indicated 
practically no difference in the total mileage of 
distribution circuits in the 2 systems. This ap- 
parently is due to the fact that, while there would 
be about the same total number of feeders, each 
feeder in the Buffalo radial system runs from its 
substation to its load and stops; whereas, in the 
primary network each feeder must continue be- 
yond its load to the adjacent substation, and these 
continuations often involve crossing areas where 
there is no other need for distribution circuits. 

These studies indicate also that the total cost of 
substations would be considerably higher in the 
primary network because the primary network unit 
substations are so small that the cost per unit of 
capacity would be considerably higher than for the 
substations used in Buffalo. In addition to this, 
nearly twice as much switching equipment would be 
required in a primary network as in the Buffalo 
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radial system because in a network there must be a 
circuit breaker at each end of each feeder, whereas, 
only one circuit breaker is required for each feeder 
in the Buffalo system with about the same total 
number of feeders. 

The fact that the cost of subtransmission circuits 
and substations would be considerably higher for a 
primary network than for the Buffalo radial system, 
without a corresponding saving in distribution cir- 
cuits, indicates that the primary network scheme in- 
volves extending the subtransmission circuits be- 
yond the economic balance point. 

As to the operating characteristics, there is little 
to choose between the 2 systems so far as reliability, 
efficiency, and voltage regulation are concerned. 
The only interruptions to be feared in either system 
are those caused by faults on the distribution circuits 
themselves, and such faults will cause interruptions 
to all of the service connected directly to the faulty 
circuit in either system. Since there would be 
about the same total number of feeders in both sys- 
tems, there would be about the same amount of 
load on each feeder, and the number of customers 
affected by an outage on a distribution circuit would 
be about the same in either system. Loop feeders 
would offer some protection, but complete protection 
against such faults would require multiple supplies 
at service voltage from different distribution feeders 
in either system. 

The Buffalo system has a decided advantage over a 
primary network in flexibility on account of the 
facts that the division of load can be controlled 
definitely, and that load can be shifted and forced 
from one location to another at will. This means 


Fig. 4. Exterior of typical distribution substation 
in Buffalo 


Small substations may be located on small lots in almost any 
neighborhood. Transformers are accessible from the outside 
and may be enclosed where noise is a factor 


that if load growth appears near a substation that 
is fully loaded and spare capacity is available in a 
nearby substation, the installation of additional 
capacity at the fully loaded substation often may be 
avoided by simply cutting and rearranging distribu- 
tion feeders to shift load to the substation having 
spare capacity available. It also means that if 
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load growth appears along a group of fully loaded 
subtransmission circuits and spare capacity 1s 
available in a nearby group, the installation of addi- 
tional subtransmission circuits often may be avoided 
by shifting load to the lightly loaded subtransmission 
circuits. In a primary network there would be 
practically no choice except to install additional 
capacity at or near the load, even though spare 
capacity might be available elsewhere in the net- 
work. The Buffalo radial system also would have 
the advantage should uniform growth of load ap- 
pear over the entire area; in that case a minimum 
of additional subtransmission and substation ca- 
pacity could be installed and made available to the 
entire area by shifting load to the new units, whereas, 
in a primary network it would be necessary to in- 
stall additional capacity throughout the network. 
This advantage is particularly noticeable and sig- 
nificant in a large area. 

The Buffalo radial system also has remarkable 
flexibility in serving industrial loads. The distribu- 
tion feeders are so short that there is very little 
voltage drop in the feeders themselves, and the 
voltage regulation at the substation bus requires 
only a very slightly rising characteristic. This 
means that small industrial customers may be 
served from the same distribution feeders as lighting 
customers. Industrial customers of moderate ca- 
pacity, even up to several thousand kilowatts, may 
be served from any of the substation busses by 
means of separate 4-kv feeders. Larger industrial 
customers may be served directly from the 22-kv 
subtransmission circuits in which case high voltage 
switching equipment could be installed in the cus- 
tomer’s plant; or preferably, an installation similar 
to the power company’s own distribution substa- 
tions could be used for large industrial customers. 

It is interesting to note that in the new system in 
Buffalo there is already one group of 3 22-kv sub- 
transmission circuits that serves 2 substations in 
residential districts, 1 substation in the wholesale 
and warehouse district, 1 substation serving a large 
industrial customer, and several low voltage a-c 
network units in the principal business district. 
As the system develops, advantage will be taken of 
such opportunities to benefit by the diversity be- 
tween the various types of load, to the maximum 
possible extent. 

Actual layouts and comparative estimates have 
been made of a primary network equivalent to the 
Buffalo radial system as built and of both systems 
extended to double the firm rating. These esti- 
mates indicate that the comparative cost of the 2 
systems would be about as shown in Table II. 

These studies indicate the difficulty of making a 
satisfactory application of the primary network 
scheme under actual conditions, particularly in a 
large area. Several trials were required to ac- 
complish a reasonable layout, and even after re- 
peated attempts the initial installation of 130 units 
has 13 units with only 2 tie feeders and 45 units with 
only 3 tie feeders, leaving only 72 of the 130 units with 
4 tie feeders. In the extension with 217 units there 
are 19 units with only 2 tie feeders and 84 units 
with only 3 tie feeders, leaving only 114 of the 217 
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units with the 4 tie feeders. Even these layouts 
include a number of ‘“‘impossibilities’’ such as tie 
feeders crossing Delaware Park, substation units 
in the midst of the very finest residential sections, 
and several things that simply could not be done at 
all in an actual installation. 


CONCLUSIONS 


To review briefly, modern load area delivery 
systems must provide a high degree of reliability, 
efficiency, flexibility, voltage regulation, etc., with 
the maximum over-all economy. Reliability re- 
quires multiple subtransmission circuits to each 
substation, multiple units in each substation, and 
small short distribution feeders. Economy requires 
a proper economic balance between the various 
elements of the system. It requires also that maxi- 
mum use be made of existing equipment before 
additions are made, and that when additional 
capacity is required it be installed in small incre- 
ments. 

The radial system, if designed in accordance 
with the principles outlined in this paper, meets 
these requirements very effectively. It takes ad- 
vantage of the economy of large subtransmission 
circuits; at the same time, by serving several sub- 
station units from each subtransmission circuit, it 
permits the use of small, simple, multiple unit sub- 
stations and short distribution feeders. It provides 
high grade service and takes maximum advantage of 
diversity between domestic, commercial, and indus- 
trial loads. The radial system permits shifting of 
load to allow maximum use of existing facilities be- 
fore additions are made. It permits the installa- 
tion of additional capacity in small increments when 
required and offers considerable freedom in the loca- 
tion of such additional capacity. It is an economical 
system either as a supplement to an existing radial 
system or as a complete system covering an entire 
area. In either case it may be installed in small 
increments as required by the growth of the load. 
In short, the radial system provides maximum 
flexibility and efficiency of use of equipment and is at 
least equal to any other system, except the low volt- 
age a-c network, in reliability, efficiency, voltage 
regulation, and other operating characteristics. 


Table Il—Comparative Capital Costs of Buffalo Radial 
System and an Equivalent Primary Network 
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Buffalo 
Radial System 


Equivalent 
Primary Network 
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The 3-Phase 


Electric Arc Furnace 


The 3-phase electric arc furnace has es- 
tablished itself definitely as an important 
industrial unit in the production of ferrous 
materials. With the efficiency of the arc 
furnace being increased, and with the over- 
all cost of installation and operation now 
being comparable with that of an equivalent 
open hearth, an even more extensive appli- 
cation is indicated for the future. This 
paper discusses in a general way the 
classification, rating, and methods of opera- 
tion of 3-phase arc furnaces, outlines some 
of the modern developments in design, 
and points out the relative advantages of 
these units in specific applications. 


By 

Engr. & Sales Representa- 
SAMUEL ARNOLD, 3rd tive, Heroult Electric 
NONMEMBER Furnaces, Pittsburgh, Pa. 
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A QUARTER OF A CENTURY 
of progress in steel making has firmly entrenched the 
3-phase arc furnace as an industrial unit. In the 
entire field of ferrous metal production, the 3-phase 
arc furnace has been developed to the point where it 
would be difficult if not impossible to produce 
certain grades of material without its assistance, 
and many advances in the art of utilizing ferrous 
materials could not have been possible. 

In the past few years in particular, large arc 
furnaces have been employed with excellent results. 
One of the problems of the use of large furnaces is 
the introduction of power into the furnace, and in 
particular the utilization of the energy without 
unnecessarily superheating the bath at certain 
points. The maximum rate at which energy can be 
introduced into a molten bath without detrimental 
effect as yet is undetermined, but it is known definitely 
that there are certain limits. 

Efficiencies of arc furnaces, and in particular of 
large units, have been increased materially by the 
use of higher energy inputs; however, the problem 
of high power demand charge has made it necessary to 
consider efficiency increases along other lines, such as 
insulation. As yet little has been done with the in- 
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sulation of arc furnaces, but the successful insulating 
of open-hearth units has indicated possibilities. 

Advantages accruing from the application of arc 
furnaces are not to be considered from a cost stand- 
point only, but increased flexibility and metallurgical 
control obtainable with the use of the 3-phase arc 
furnace has been largely responsible for its continued 
application. In large units, the costs of installation 
and operation, all things considered, are now some- 
what comparable to open-hearth costs; with this in 
mind, the possibilities of increased use for the 3- 
phase are furnace are better than ever before. 


CLASSIFICATION 


For general classification, 3-phase arc furnaces 
can be divided into 3 types: furnaces used only as 
melting units, furnaces used for both melting and 
refining, and furnaces used for refining only. Under 
this general classification the arc furnace can be sub- 
divided depending upon the quality and type of 
product desired, the material available for conver- 
sion, and the metallurgical results to be obtained. 
While in nearly all arc furnaces used for melting 
some refining is done incidental to the operation, 
the term “melting” unit is given to a furnace in 
which conversion of material primarily necessitates 
melting. The term ‘melting and refining’ unit 
generally is given to an arc furnace in which it is 
necessary not only to melt the charge, but also to 
effect some metallurgical change and produce a 
material different in chemical and metallurgical 
qualities from the initial charge. By a “refining” 
furnace usually is meant one in which hot metal 
is charged either from an open hearth, bessemer 
vessel, or a cupola, and the hot metal changed 
chemically or metallurgically to produce a product 
different from the initial charge. Obviously, there is 
considerable overlapping in these classifications. 

Are furnaces are classified also with relation to 
the product, and here 2 general terms can be applied, 
namely: arc furnaces for the production of ingots, 
and arc furnaces for the production of castings. 
In general in the production of steel ingots, the fur- 
nace is supplied with a basic or magnesite bottom, 
and is termed a “basic”? unit, while most of the 
furnaces used for the production of castings have 
bottoms of acid material or silica, and are called 
“acid” units. There are, of course, a few applica- 
tions of acid furnaces for the production of ingots 
and, conversely, quite a number of basic furnaces 
used in the production of castings. 

Of the ferrous materials produced in are furnaces, 
the application is generally for carbon and alloy 
steel ingots, carbon and alloy steel castings, gray 
iron, and malleable castings. As a rule furnaces for 
producing castings are of the smaller sizes, varying 
from 500 lb to 10 tons in capacity. Ingot making 
furnaces are usually from 3 to 100 tons in capacity, 
although some relatively small ingot producing 
furnaces are used in the tool steel field. 

Furnaces for producing metal for both ingots and 
castings can be operated as batch type units with cold 
charge, batch type units with hot charge, or semi- 
continuous melting units with either hot or cold 
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In batch type operation the charge is 
placed in the furnace, melted and/or refined, and 


charge. 


then tapped by means of tilting the unit. In semi- 
continuous operation a full charge, either hot or 
cold, is placed in the furnace, melted and/or re- 
fined, and then a portion of the metal is tapped at 
intervals at which times charges of approximately 
the same tonnage are added. In semicontinuous 
work the furnace is drained at intervals, depending 
upon the cycle of operation, and usually the quantity 
of the charge is reduced so that at the proper time 
the last tap will completely drain the furnace. In 
the past, and particularly during the World War, 
some ingot producing furnaces were operated with 
charges of hot metal. However, in nearly every 
operation today where carbon or alloy ingots are 
produced in are furnaces, the batch type of cold 
melt is employed; and there is at least one furnace 
in which the semicontinuous melting process is 
utilized, charging cold scrap. In casting work where 
carbon or alloy steel castings are produced, the 
usual practice is to batch-melt, while in the iron and 
malleable fields there is a tendency toward semi- 
continuous operation with either hot or cold charges. 


RATING AND CAPACITY 


A great deal of confusion in the capacity rating of 
furnaces has been caused by nonuniform ratings. 
In the early development of 3-phase arc furnaces, a 
nominal tonnage rating was given the units which was 
based upon the holding capacity with a molten 
bath and a theoretical contour of bottom, allowing a 
certain volume for slag. In nearly every case it 
was found that by slightly changing the shape of 
the bottom, additional tonnage could be placed in 
the furnace, and with the introduction of higher 
power inputs the furnaces were overloaded. Later 
a tons-per-hour rating was given furnaces, which 
was explicit only when associated directly with the 
particular product to be made. Sometimes the size 
of the shell and the transformer capacity were given, 
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A 100-ton 20,000-kva 6-elec- 
trode Heroult electric melting 
furnace; batch charge with cold 

scrap for ingot production 


but these did not tell the operator what tonnage 
might be expected. Nominal ratings still are given, 
usually arbitrary ratings based upon the size of the 
shell. 

A description of the various methods of operating 
3-phase arc furnaces. may illustrate to better ad- 
vantage what is involved in establishing capacity — 
ratings. For batch type melting in the casting 
industry, assume a furnace rated at 3 tons nominal ~ 
capacity. The furnace is lined with an acid bottom 
composed of gannister or silica sand and the side walls 
and roof are of silica brick. . The transformer ca- 
pacity is approximately 2,500 kva with taps of vari- 
ous voltages available at the will of the operator. 
A charge of approximately 6 net tons is placed in the 
furnace either through the door by means of hand 
charging or chute charging, or through the roof 
which can be removed for this purpose. The trans- 
former switch is closed and some intermediate 
voltage applied that has been found most desirable 
for the type of charge utilized. The electrodes 
are started down and the load put on the furnace. 
This intermediate voltage usually is maintained from 
10 to 20 min. until the electrodes have bored a hole 
through the scrap and the are is more or less under 
cover. At this time the transformer taps are changed 
and full load is thrown on the furnace at a higher 
voltage until the charge is nearly melted. Usually 
at this period both the voltage and the load are 
reduced and after complete melt, the furnace opera- 
tor takes samples of the steel for analysis. If ordi- 
nary steel castings are being produced, the melter 
by breaking a sample and reading the fracture can 
tell, approximately the carbon content of the bath, 
although present practice usually augments this by 
laboratory analysis. When reports have been re- 
ceived from the laboratory, the melter makes the 
necessary additions; and after the metal has reached 
the proper metallurgical condition and temperature, 
the tap is made. For ordinary steel castings this 
usually takes about 2 hours, so the furnace may be 
said to have a nominal rating of 3 tons per hour. 
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If alloy castings are being produced, and_par- 
ticularly alloys requiring basic treatment, the fur- 
nace, of course, is operated with a basic bottom. 
In most cases the first slag produced after melting 


- is raked off, as this slag is usually of an oxidizing 


nature; and as it is slagged off, the impurities such as 
phosphorous contained in the slag are removed. 
A second slag then is made, and in rare cases 3 or 4 
slags are necessary. In basic furnaces the time 
usually required for refining is much longer, as the 
metallurgical results desired are entirely different. 
For this reason furnaces with basic bottoms require 
a longer period of time for making the heat and 
usually are not rated on a tons-per-hour basis. 

As an example of batch type refining or batch 
type superheating with hot metal, assume a 15-ton 
unit containing about 20 tons of hot iron. This 
unit would be acid lined, and the charge made from a 
ladle through the rear door. The metal would have a 
temperature of approximately 2700 deg F when 
received into the furnace and must be superheated 
to 2,950 deg F. This is accomplished by applying 
about 5,000 kw at a comparatively low voltage, the 
time required being from 15 to 20 min. While some 
slag is formed, if from no other source than from the 
drippings of the side walls of the unit, very little 
attention is given to metallurgical changes except 
in the results obtained by superheating; and as soon 
as the proper temperature is obtained, the furnace 
is tapped. In this case 3 taps will be made per hour 
or 60 tons removed from a 15-ton unit in an hour; 
the furnace thus would have a rating of 4 times its 
nominal capacity in tons per hour. 

Again, assume a furnace rated at 25 tons and used 
for producing alloy steel ingots; this furnace, 
depending of course upon the size of the scrap, would 
be charged with some 30 to 35 gross tons by means of 
an open-hearth charging machine. The melt would 
be made in the usual way, and after melting down, 
the first slag would be removed as previously men- 
tioned. Careful laboratory analysis would be made 
of samples taken from the furnace and additions 
made to produce the grade of steel desired. Careful 
working of the furnace slags would be in order; 
and after the melter was satisfied as to temperature 
and metallurgical conditions, the heat would be 
tapped. Usually from 4'/; to 5 heats would be pro- 
duced in 24 hr, and so the tons-per-hour rating of a 
furnace of this sort would depend entirely upon the 
type of product. 

The foregoing examples serve to show that the 
tonnage rating of a furnace depends entirely upon 
the final product and the type of charge used. 
Usually in the casting industry a ton is spoken of as 
2,000 lb of metal, and in the ingot industry 2,240 
Ib of metal. Some furnaces are rated on a tons-per- 
hour basis, some on a nominal holding capacity 
basis, and some are rated as to size of shell and trans- 
former capacity; for each size of shell and a given 
transformer capacity a tons-per-hour rating can be 
determined for the product desired. As to furnace 
ratings, therefore, the size of the shell, the trans- 
former capacity, and the nominal holding capacity 
should be given, as well as the approximate tons-per- 
hour rating for a definite specified product. 
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MopERN DEVELOPMENTS 


Great progress has been made during the past 25 
years in the mechanical features of arc furnaces. 
Designs have been made coérdinating workability 
with efficiency of operation; and such parts as water 
cooled door frames, arches and doors, electrode 
holders, electrode cooling glands or roof coolers, 
and other important parts have been much improved 
and simplified in design. In addition, methods of 
carrying heavy currents over the furnace by the use 
of water cooled copper tubing to minimize hysteresis 
and eddy current losses, the design of the mast 
structure to permit various changes of electrode 
circles for different operating characteristics, and 
such mechanical features as ball and roller bearings 
in the moving parts, all have tended to make for 
efficiency and improved operating characteristics. 
On the surface there is seemingly little chance for 
material improvement of design along mechanical 
lines, except perhaps in the methods of charging; 
but unquestionably improvements will be made as 
the use of electric furnaces increases and new prob- 
lems arise. 

Electrical equipment, of course, has kept pace 
with other developments. With improvements in 
regulators and transformer design, and a knowledge 
of the proper values of reactance for given conditions, 
the method of introducing energy into the furnace 
has been changed materially. In addition to this, 
modern furnaces usually are equipped with the so- 
called “multiple voltage control’ which provides 
several voltages available at the will of the operator. 
On small furnaces, usually 3 voltage taps are pro- 
vided; but on the larger units 5 or 6 and in one case 
as many as 12 different voltages are available at the 
immediate will of the operator, by means of a combi- 
nation of transformer taps and delta-Y switching 
accomplished by motor operated tap changers with 
the control on the operator’s panel. This gives the 
operator a choice of different lengths of are and 
allows him to choose the voltage that is most de- 
sirable for the different steps of melting and re- 
fining. 

In the past few years the tendency has been 
toward larger transformer capacities for quicker melt- 
ing, hence shortening the radiating period during 
the melt with consequent higher efficiency. Of 
late, however, consideration has been given to trans- 
former capacities primarily on account of the usual 
high power demand charge, and doubtless a great 
deal of thought is being given to improving the 
efficiency of arc furnaces by means other than 
simply forcing power into the furnace as rapidly 
as possible. There is a limit, of course, to the amount 
of energy that can be utilized with a certain size of 
furnace shell, as refractory and metallurgical prob- 
lems arise when energy is introduced into the furnace 
at too rapid a rate. 

In recent years open-hearth furnaces in some in- 
stances have been insulated successfully, and this 
naturally leads to the thought that 3-phase arc 
furnaces also can be insulated to increase their 
efficiencies; while some experiments are being 
carried out along this line, there have been as yet 
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no definite results. The major problem of insulating 
an arc furnace is in limiting the power input so that 
energy will not be introduced at a rate sufficient to 
increase the temperature difference between the 
refractories and the charge. Depending upon the 
temperature, energy can be dissipated in a ferrous 
bath at a certain rate; and if power be introduced 
too rapidly, it, of course, would raise the tempera- 
ture of the furnace itself to the point where re- 
fractory failure would occur. There are other 


problems in connection with insulating arc furnaces, 
but they are of a minor nature and no doubt can 
be overcome. 


A 15-ton 5,000-kva 3-electrode Heroult electric 
melting furnace; semicontinuous hot charge for 
gray iron castings 


The insulation of arc furnaces and the consequent 
reduction in power input would accomplish 2 things: 
(1) the demand charge for a given size of unit would 
be lowered; and (2) the efficiency of the unit would 
be increased as a result of the reduction in radiation 
losses. Obviously, if a certain length of time is 
required to make a certain heat with a given power 
demand in a furnace that is not insulated, the same 
heat could be made in the same time with a lower 
power demand in an insulated furnace. This is 
because the rate of radiation is relatively high during 
the refining period as well as during the melting 
period; and regardless of transformer capacity and 
rapidity of melt, this loss during the steel making 
cycle is not changed, as it is a function of the rate of 
radiation and the time required to accomplish the 
metallurgical results. 

If, therefore, arc furnaces can be insulated suc- 
cessfully, the operating costs can be improved by 
lowering the amount of energy consumed per ton of 
metal produced and also by reducing the power 
demand charge. The over-all cost of production 
then will depend upon whether the savings in de- 
mand charge and energy requirements will offset 
the apparently increased cost of refractories. The 
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difficulty is in determining the maximum rate at 
which energy can be introduced into an insulated 
furnace, and at present the human element involved 
has made progress rather slow along this line. New 
refractories are being developed, however, and new 
insulating materials tried; and there are excellent 
possibilities of some good results being obtained. 


LARGE FURNACES 


Problems arise in connection with 3-phase arc 
furnaces of nominal ratings of 25 tons and more 
which, of course, do not occur with the smaller units. 
These problems deal with the introduction of large 
amounts of power. In general, the transformer 
capacity, or power input per hour per ton of rating, 
is much less than for furnaces of smaller size. As 
most of the power available is at 60 cycles, difficulties 
are experienced with the conduction of heavy 
currents in introducing the power into the furnace 
at a good power factor, and careful design is neces- 
sary. The tendency on first thought, when higher 
inputs are considered, is to increase the voltage; 
but in an arc furnace an increase of furnace voltage 
means a longer arc, and if the arc is too long the 
energy is not entirely introduced into the charge— 
rather, a large portion of it is radiated to the side 
walls and roof of the furnace with consequent high 
refractory costs. It is necessary, therefore, to keep 
within certain limits of furnace voltage and this in 
turn means higher currents with the increased power. 
Currents of from 30,000 to 40,000 amp per phase - 
have been applied successfully to arc furnaces with 
reasonable power factors, but it is questionable if 
these values will be exceeded. It might be said, 
therefore, that from the electrical standpoint, there 
is no difficulty in introducing large amounts of 
energy through 3 electrodes, and at present as much 
as 12,000 kw have been applied to a 3-electrode 
3-phase arc furnace. 

In introducing large amounts of energy, however, 
the point is approached where the steel will not 
absorb energy rapidly enough from 3 concentrated 
areas. Some believe that the limit of power input 
per electrode is approximately 3,000 kw. With 


higher values the metal tends to become superheated 


directly under the electrodes, and when the charge 
is partially melted down, there is a great deal of 
agitation and “‘slopping”’ of the bath. The actual | 
upper limit of power input per electrode as related to 
energy dissipation in the charge as yet is unde- 
termined; it depends upon several factors, the 
primary one of which is the maximum rate at which 
heat can be disseminated through various ferrous 
materials. 

It is for the reasons previously outlined, therefore, 
that in the larger 3-phase arc furnaces the rate of 
power input per ton of charge is lower than in 
smaller units, and this also is the reason for utilizing 
multiple electrode furnaces or furnaces with 6 or 
9 electrodes which unquestionably will be developed 
to a greater extent in the future. At present the 
largest furnace that has been built using 3 elec- 
trodes is a unit having a shell 18 ft in diameter. 
This furnace has a holding capacity of from 60 to 75 
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gross tons and a transformer capacity permitting 
10,000 kw input for the period of melt. There is 
also one furnace in operation at the present time 
that has an elliptical shell 29 ft by 20 ft. This 
_ furnace has 6 electrodes and is capable of intro- 
ducing 10,000 kw on each set of electrodes, or 20,000 
kw total; the furnace has been charged with as 
much as 135 gross tons. 


APPLICATION 


One does not use a tool unless there is some ad- 
vantage in so doing. In a great many cases pro- 
duction could be made in other than electric furnaces 
at less cost, but the product would be inferior. 
In other cases the electric furnace shows the best 
cost. Whether the electric furnace should be 
utilized or not, depends upon a great many factors 
including power rates, cost of scrap, metallurgical 
considerations, and type of product. In general, 
in the small steel foundry, the electric furnace has 
proved itself to be a most excellent and economical 
tool. In the iron foundry where superheating is 
necessary or where a high grade product is de- 
manded, the electric furnace is well adapted. In the 
ingot producing field for tool steels and for special 
alloy steels including stainless steels, the 3-phase are 
furnace is unquestionably paramount. In the 
manufacture of ingots and ordinary grades of steel 
such as bar stock and steels that usually are made 
in the open hearth, the use of an electric furnace 
will depend on the cost of electric power as opposed 
to fuel costs, and the cost of scrap as opposed to 
the cost of the charge of the open hearth. In all 
cases, attention should be given to, and a careful 
analysis made of, relative costs; for while the 
electric furnace has the disadvantage of a high 
energy cost, this disadvantage can be overcome 
largely by the higher yield and higher efficiency of 
the electric furnace and the higher quality product 
that very often is obtained at no additional over-all 
cost. 

During the past few depression years the flexi- 
bility of the electric furnace has been brought 
to the fore, and where this tool has been used it 
has been recognized unequivocally as having many 
desirable operating characteristics. As is often 
the case there have been applications of the arc 
furnace where such were not warranted, but the 
resultant failure of the arc furnace to measure 
up to expectations in these few instances has served 
only to emphasize the desirability of its use in other 
fields. The development of the arc furnace in the 
future undoubtedly will be along the line of large 
units, as the cost of operation of these units, with 
the exception of energy, is quite comparable to 
open hearths of like rating; and as power is pro- 
duced and sold more cheaply, the large electric 
furnace will take its place as a close competitor of 
the open hearth. The use of alloy steels is on the 
increase, and the arc furnace so far has shown itself 
to be the most desirable tool for producing alloy 
steels. In the casting industry, the development of 
high test irons and the ease with which these irons 
may be superheated in a 3-phase arc furnace will 
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result in an increased growth in the use of the arc 
furnace. In the steel casting industry, while at 
present the arc furnace is used almost exclusively 
as a smaller melting unit, unquestionably the use of 
larger arc furnaces will follow the inevitable ad- 
justment between present fuel and power costs. 

As an example of what now is being accomplished, 
it has been demonstrated definitely that with the 
exception of energy, a large arc furnace can show 
production costs equal or nearly equal to the pro- 
duction costs obtained in a similar open-hearth 
where scrap and cold pig are used. The electric 
furnace is more efficient as to melting loss and, 
therefore, has a higher yield, and the investment 
cost of a large electric furnace is not greater but 
usually less than the cost of a similar open-hearth 
installation. By similar furnaces is meant, of 
course, furnaces capable of producing the same 
number of tons per month. As to energy costs, 
however, the electric furnace is the more expensive 
unit to operate. Assuming $1 per ton for open- 
hearth fuel costs, on the same basis the electric 
furnace with energy at 6 mills per kwhr would show 
about $4.50 per ton for power and electrodes. 
This differential of about $3.50 per ton often can be 
more than offset by low investment in plant and 
auxiliaries, in increased metal yield, and in in- 
creased yield in the use of alloys. In addition to 


this, the resultant higher quality product is usually 
more salable and in most cases commands a higher 
price. 

It is difficult, of course, to visualize the future of 
but the rapid recognition of these 


arc furnaces; 


A 50-ton 10,000-kva 3-electrode Heroult electric 
melting furnace; semicontinuous charge cold scrap 
for ingot production 


units, and the part they have played in the de- 
velopment of ferrous materials in the past few years, 
would indicate an even more extensive application 
in the future. It seems entirely logical to predict 
that during the next inevitable cycle of prosperity, 
the arc furnace will play an increasingly important 
part in the ferrous industry. 


843 


Electrodes— 


Carbon and Graphite 


Carbon and graphite electrodes play an 
important part in many industries; the 
number of uses of these electrodes is in- 
creasing year by year, and the field of 
application is widening. In spite of these 
facts, however, published information re- 
garding them appears to be quite meager. 
In this paper the history of carbon and 
graphite electrodes is outlined briefly, 
and the methods of manufacture and in- 
dustrial applications are described. 


By 
FRANK a VOSBURGH National Carbon Co., 
NONMEMBER Inc., New York, N. Y. 


1 Fae carbon and graphite elec- 
trodes play an exceedingly important part in several 
industries, notably in the production of abrasives, 
aluminum, iron, steel, alloys, and carbide in the 
electric furnace, as well as in the electrolytic pro- 
duction of chlorine, caustic soda, and other sub- 
stances, the information regarding them is unusually 
meager. Undoubtedly, this is due primarily to the 
fact that such electrodes in general have a simple 
structure and a wholly uninteresting appearance, 
giving no indication of the difficulties encountered 
in bringing them to their present state of carefully 
manufactured articles. 

Materials used for manufacturing carbon and 
graphite electrodes are chiefly anthracite coal, 
petroleum coke, and hard and soft pitch. The 
electrodes may be extruded through dies or molded 
under pressure, after which they are given special 
baking and cooling treatments. About 2 months 
are required for manufacturing carbon electrodes, 
and 3 months for graphite. They can be made in 
practically any shape and size up to a maximum of 
40 in. in diameter for carbon, and 18 in. for graphite. 

Graphite electrodes usually are preferred for elec- 
trolytic operations, while in electrothermic work both 
are used depending upon the nature of the process 
and the result desired. Where either type of elec- 
trode may be used, the choice naturally depends 
primarily upon the over-all cost. Although graphite 
electrodes cost more than carbon electrodes of the 
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same physical size, the electrical resistivity of 
graphite electrodes is lower than that of carbon, 
and hence graphite electrodes are much smaller 
than equivalent carbon electrodes. The electrode 
consumption per ton of product varies widely, de- 
pending, of course, on the nature of the process and 
the relative size of the equipment, as well as on the 
ability of the operator. 


HISTORICAL FACTS 


Historically, electrodes are dated as of 1800 when 
Sir Humphrey Davy produced the first electric are 
using a voltaic pile as the source of current. Davy 
made the first electrodes by a process not so dis- 
similar from that now in effect. He took powdered 
wood charcoal as the carbon and syrup of tar as the 
binder, mixed them, and compressed the mass to 
form electrodes for his experiment. Today the 
process is the same except that coal and coke replace 
the charcoal, and tar and pitch replace the syrup of 
tar; molding under pressure still is used, though 
most electrodes now are extruded under pressure. 
The final product of today is baked, while Davy 
does not seem to have carried out that operation. 

Little advance was made in the manufacture of 
electrodes until after the invention of the dynamo in 
1867 when larger sources of power became available 
and better and larger electrodes were necessary. 
The names of early experimenters in the electric 
field are also a part of electrode history, and those 
connected with arc lighting are especially prominent. — 
The real necessity of larger electrodes came with the 
development of the electric furnace. Heroult, 
Braun, Zellner, and Hardmuth are names insep- 
arably linked with the development of electrodes 
in Europe, while in America, Charles F. Brush and 
Washington H. Lawrence did most to make the 
production of electrodes a real business. Lawrence 
first used petroleum coke, then a nearly worthless by- 
product of one of the oil refineries. 

After 1900 the production of suitable electrodes a 
few inches in diameter was no novelty, but Heroult’s 
requirements of electrodes for his furnaces, which had 
capacities as large as 15 tons, changed the picture; 
and thereafter development for some years was rapid 
as the need for electrodes increased immeasurably. 


MANUFACTURING PROCESS 


The process of manufacturing electrodes has not 
changed radically since early dates in the art; still 
a brief description of the methods of making carbon 
and graphite electrodes may be of interest. The 
chief raw materials are high-grade anthracite coal 
selected primarily for strength of particle, petroleum 
coke of low ash content, and hard and soft pitch. 
All of these materials are used in making carbon 
electrodes, the latter ones in making “‘coke’”’ elec- 
trodes which are to be graphitized and for the 
carbon electrodes used in the aluminum industry. 
Both the anthracite coal and petroleum coke are 
treated at very high temperature to drive off vola- 
tile matter and induce shrinkage, but primarily to 
reduce the electrical resistivity toa low value. After 
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calcination, both materials are ground to predeter- 
mined sizes, depending upon the size of electrode to 
_ be made, and mixed with exact quantities of pitch 
in heated mixers. 

The green mix may be extruded through dies 
under high pressure or molded under pressure to 
form the green electrodes in any one of the many 
sizes now required by a varied trade. The green 
electrodes must be made to an exact size with proper 
allowances for the shrinkage that occurs in the 
baking and graphitizing processes. The dies are 
machined most accurately—in fact, usually hand 
finished to templates—as the flow of materials 
through them must be controlled exactly to give a 
suitable finished product. 

The green electrodes are packed in furnaces sur- 
rounded by fine coke, which supports them during 
the preliminary softening period as the heat is ap- 
plied, and are baked to a final temperature of 
1,000 deg C, the temperature being raised gradually 
to the maximum. Baking and after-cooling reqitires 
up to 5 weeks’ time. After baking, the electrodes 
are cleaned by hand to remove the packing coke, 
and are inspected carefully for every one of a possible 
dozen or more faults. The coal carbon electrodes 
are sent to storage or to the threading and finishing 
department. The coke electrodes are ready to be 
graphitized. 

The graphitizing process invented by E. G. Ache- 
son is generally familiar. In this process the carbon 
_ material of electrodes is wholly changed into graph- 
itic carbon through raising it to a temperature of at 
least 2,200 deg C by the heat generated by passing 
current through the material, which acts as a re- 
sistance body. The material is packed closely in 
large open furnaces and covered with coke. The 
current is supplied through huge contacts at the 
furnace ends; by manipulation of the current con- 


Extruding a carbon electrode 
40 in. in diameter 
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trol the temperature is regulated and gradually 
brought to the desired maximum. 

The complete cycle, packing, graphitizing, cool- 
ing, and unpacking, requires from a week to 10 days. 
After slow cooling the electrodes are cleaned and 
stored, or machined, as required for the various 
purposes for which they are to be used. 


ELECTRODE SPECIFICATIONS 


There are certain definite requirements that all 
electrodes, carbon or graphite, should meet. First, 
they should be formed properly within the limits of 
the art, the usual specifications being + 2 per cent 
of the dimensions for diameter or side; they should 
be straight, meeting a specification that the dis- 
tance from a chord to the arc of the electrode should 
not be more than 0.5 per cent of the length. The 
electrodes should be of high density, and the usual 
manufacturing specification is that the apparent 
density shall not be less than 1.50 for carbon elec- 
trodes, and 1.51 for graphite electrodes. They 
should not show signs of coring or laminations. 
The surfaces should be clean and free from pits or 
blow holes, as well as relatively free from ‘‘alligator”’ 
markings. It is not customary in the trade to im- 
pose resistance specifications, though manufacturers 
inspect their own electrodes on that basis. The 
operator rarely is interested in the exact resistivity, 
his criticism being based upon performance in his 
own operation, which of course is influenced by 
whether or not the electrodes have suitably low 
resistivity. 

Both carbon and graphite electrodes are made in 
a wide variety of shapes and sizes for innumerable 
uses. Round electrodes vary from !/j5 in. in diam- 
eter and 12 in. long to 18 in. in diameter and 72 in. 
long for graphite, and up to 40 in. in diameter and 


845 


110 in. long for carbon. It takes 500 of the */:.-in. 
size to make a pound, while the largest size men- 
tioned weighs, 7,500 lb with its connecting pin. 
Rectangular electrodes have been made weighing 
up to 8,500 lb each. 
Carbon and graphite manufacturers have a wide 
range of dies for manufacturing electrodes of various 
sizes, and any shape within wide limits that can be 
extruded or molded can be made. However, if 
time is an important element, any one contemplating 
the use of formed carbon or graphite will do well to 
consult the manufacturer to determine what sizes 
are in stock as 2 months are required to make 
carbon electrodes and 3 months to make graphite 
electrodes, even when the dies are available. 


APPLICATIONS OF THE 2 TYPES OF ELECTRODES 


For practically all electrolytic operations, graphite 
electrodes are preferable to carbon because of the 
much more rapid oxidation of carbon in the elec- 
trolyte as compared with graphite. In most elec- 
trolytic work carbon electrodes are wholly unsatis- 
factory. 

For electrothermic work the division of the kinds 
of electrodes among the several types of operations 
is not so clear cut. All aluminum furnaces or pots 
use carbon electrodes, and this industry is by far 
the largest user of electrodes since about °/, of a 
pound of electrode is used to produce every pound 
of aluminum. In fact, the aluminum industry con- 
sumes more electrodes alone than all other types of 
operations. The use is so large that these industries 
in the United States and Canada manufacture for 
themselves practically all of the electrodes they 
need. The carbide industry is another large user 
of electrodes, and practically without exception all 
carbide furnaces operate on carbon electrodes. 
Likewise, the ferro-alloy industry uses carbon elec- 
trodes almost without exception, though for some 
of the higher grade alloys, particularly those that 
must contain minimum amounts of carbon, graphite 
electrodes are used. 

The nonferrous industry uses graphite electrodes 
exclusively because the electric furnace most gener- 
ally used for the production of nonferrous metals 
is equipped to use graphite electrodes only. 

When the iron and steel industry is considered the 
matter becomes complicated. More than half of 
the tonnage of steel ingots produced by electricity 
comes from furnaces equipped with graphite elec- 
trodes, though more than half of the furnaces use 
carbon electrodes. This is because several of the 
larger furnaces use graphite. In the steel casting 
field the division is more even; but in the gray 
iron industry most of the furnaces use graphite elec- 
trodes, partly, at least, because one type of furnace 
uses graphite electrodes only. 

There are reasons for the distribution of electrodes 
in the various industries mentioned, and of course, 
the primary one is cost, that is, the cost of electrodes 
per pound or per ton of product. In the production 
of aluminum, carbide, and ferro-alloys the electrodes 
last for days, and in some cases several weeks. The 
electrodes must carry power into the furnaces at the 
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Table I—Electric Furnaces in the United States 
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* Does not include induction furnaces. 


Table Il—Tons of Steel Produced by Electricity in the 
United States 
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lowest cost, and must have a relatively large area of 
working surface; and since the electrodes are con- 
sumed mostly by oxidation, the electrode having 
lowest cost is most satisfactory. New electrodes are 
added so infrequently that the fact that carbon 
electrodes are necessarily much larger and therefore 
more difficult to handle than graphite electrodes 
that might serve, does not have any particular 
weight. The same comments apply in general to~ 
the ferro-alloy industry, but there are exceptions 
as mentioned previously in the case of special 
alloys where the higher cost of graphite is more than 
offset by other advantages. 

In iron and steel furnaces new electrodes are added 
often, sometimes several times a day, so the fact 
that a graphite electrode need be only a little over 
half as large as a corresponding carbon electrode to 
carry the same power is of importance from the 
operator’s point of view. Graphite electrodes are 
joined together more easily, and because of their 
lesser weight the furnace superstructure need not be 
designed as substantially. Graphite electrodes cost 
approximately twice as much as carbon electrodes 
per pound, and this would seem to give carbon 
electrodes a great advantage; however, in operations 
such as those in the steel and iron industry, approxi- 
mately half as much graphite is used per ton of prod- 
uct as carbon, therefore the higher cost is offset by 
the lower consumption. Other factors enter in as 
well, and before the operator determines whether 
he will use carbon or graphite electrodes, a number 
of points should be considered. 

Carbon electrodes having a larger end area melt 
down a larger proportion of the charge under them 
and there is less tendency to bore down through the 
charge. However, the large area may prove to be a 
disadvantage because the arc is brought nearer the 
side walls of the furnace and the refractory cost 
may be higher as a result. Still, the larger end 
area, since it better protects the arc, may prevent 
so much heat from being reflected against the roof 
and reduce that cost. 
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Since the diameters of graphite electrodes are much 
smaller than those of equivalent carbon electrodes, 
the graphite ones may be broken more easily by 
scrap caving in on them or by being struck by furnace 
_bars when the charge is worked. This situation is 
offset by the fact that graphite electrodes are ma- 
chined easily, and pieces recovered from the furnace 
can be rethreaded in any machine shop and used 
again. Carbon electrodes are very difficult to ma- 
chine, and it is rare that any operator recovers 
broken pieces except by sending them back to the 
manufacturer. The fact that no joint compound is 
used in making up graphite joints, while that material 
is a necessity for carbon electrodes, may be a decid- 
ing factor in determining which type of electrode is 
used if the desire of the operator is considered. 

The lesser weight of the graphite electrode may 
make the control apparatus more effective because 
there is less inertia to overcome when the electrodes 
move up and down. Larger carbon electrodes may 
prove just as active, however, as there is a greater 
area to make contact with the slag or metal. Graph- 
ite having a lower resistance, the loss of power in 
graphite electrodes would be less if the same sizes 
of graphite and carbon were compared; but since 
much smaller graphite electrodes are used, the power 
losses in the 2 types of electrodes will not be greatly 
different. The reverse of this statement applies to 
heat conductivity, for graphite has much higher 
heat conductivity than carbon; but a smaller size 
keeps the 2 losses about the same. 

Carbon and graphite electrodes do not act quite 
the same in the furnace, and this is more noticeable 
in connection with high-grade steel than steel cast- 
ings. Asa result, whether one kind or the other is 
used may become a matter of the melter’s prefer- 
ence. One operator will claim that slags are made 
and maintained more easily under carbon electrodes 
than under graphite, while an equally good man will 
claim the reverse. One melter will state definitely 
that there is more chance of carbon pick-up if car- 
bon electrodes are used in making special steels 
having a low carbon requirement, while another 
man making the same steel will prefer carbon elec- 
trodes. Such questions clearly demonstrate that 
while both types of electrodes have their proponents, 
still the adoption of one or the other is not necessarily 
based upon facts alone. 

Another point that frequently enters into con- 
sideration is the matter of freight. For reasonably 
short hauls the fact that only half as much graphite 


Table IIl—Electrode Consumption in Pounds Per Ton of 
Product 
Product Carbon Graphite 
INONFELLOuSiCaStin gs) (Et COM) nije sineteme ete) clei cieroiene hive © moa eke 2.5-10 
Tron:castings, cold scrap) (net ton)... 27.2. ees ees 5-10 
Tromicastings duplex (et COM) lyse settee cess a orerpegetefoie(-/ ost eue 3-14 
Steelleastines: (etscOn) er piieertemeraiets rte-1 ttle 9-20) oan 5-12 
Stecliuizotsi(net ton): mera eerie | Li SO een cae 10-20 
15% Ferrosilicon (gross ton)..............-. DEH. a4 wat sates 3 
50% Ferrosilicon (gross ton)..............-- DO = Dererrke ech meres ons 
80% Ferrosilicon (gross ton)...........--... SO—120 con hernias 
High-silicon Ferrosilicon (gross ton).......... P5O—SOO iiss eenn acest 
Calcium carbide (met ton)...............-:. SO=200 Myanrerte risen 
MAtariinitiza: (EP COM) ieietpea tec ors rosea = T5OO—2OOO/Taeretercistaar state 
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is required as carbon to do the same work is not par- 
ticularly important, for the difference in freight 
charges constitutes a small percentage of the total 
electrode cost; but for long hauls where the freight 
rate exceeds $1 per 100 Ib, the differential may be- 
come quite a deciding factor. 

As melting furnaces have become larger and the 
transformers back of them increased to a point 
where capacities of 10,000 to 12,000 kw are being 
used, furnace designers have been more inclined to 
use graphite electrodes since the carbon size re- 
quired would be very large, 30 to 35 in. in diameter, 
and weights up to 4,000 or 5,000 Ib per electrode. 
Such electrodes require very heavy superstructures 
which are expensive to build, and the electrode 
ports being very large the roof structure of the 
furnace may be weakened seriously or at least be- 
come difficult to maintain. 

In the abrasive industry both carbon and graphite 
electrodes are used, the bulk of the material being 
produced by furnaces using carbon electrodes. For 
certain types of abrasives, such as those very light 
or even white in color, only graphite electrodes will 
serve. 

It should be evident that no one can say offhand 
what type of electrode should be used for any of the 
industries except those producing aluminum and 
carbide. Many factors enter into the problem and 
each one must be given consideration before any 
conclusion is reached. Electrode manufacturers 
appreciate this situation and will be found willing 
to codperate with any present user of electrodes to 
determine if he is operating under the best conditions, 
and to help a new operator determine which type of 
electrode is best suited to his problem. In many 
cases, furnace operators appreciating the situation 
have run tests on both types of electrodes and have 
tried more than one size to find out which combi- 
nation gives the best operating results as well as the 
lowest cost. Lowest cost does not necessarily mean 
lowest electrode cost only, but rather the lowest 
combined cost of electrodes, power, refractories, and 
labor, because the kind and size of electrodes may 
influence all of the other factors. 


ELECTRODE CONSUMPTION IN VARIOUS FIELDS 


The question of electrode consumption in the 
various industries is one that frequently brings 
forth arguments, and it is no wonder since so many 
factors enter into the problem. It would not be 
fair to compare a carbide furnace using 1,000 kw 
with one using 20,000 kw any more than it would 
be equitable to compare the electrode consumption 
of a furnace producing ordinary steel castings with 
one turning out the highest quality alloy steel. 
Every factor must be taken into consideration, the 
type of product, size of the furnace, as well as the 
ability of the operators. Indefinite figures on elec- 
trode consumption have little value, but in some 
cases they may be interesting. 

As indicated before, consumption of electrodes in 
the aluminum industry ranges from 1,500 to 2,000 
Ib per ton. Electrode consumption for calcium 
carbide may be as low as 30 lb of carbon electrodes 
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per ton in large furnaces under advantageous condi- 
tions and as high as 150 to 200 lb of carbon electrodes 
in small and poorly designed furnaces. The con- 
sumption of electrodes in the ferro-alloy industry 
varies widely depending, of course, upon the material 
produced; it may be as low as 25 Ib of carbon elec- 
trodes per ton for 15 per cent ferrosilicon, 50 Ib per 
ton for 50 per cent ferrosilicon, 65 Ib for 80 per cent 
ferromanganese, and 150 to 300 lb per ton for silicon 
alloys containing the higher percentages of silicon 
when these materials are produced under good 
operating conditions, but 2 or 3 times these figures 
for the same alloys produced under less advantageous 
conditions. 

In the nonferrous industry, figures as low as 2'/. 
to 3 lb of graphite electrodes per ton are reported, 
but the average is undoubtedly nearer double that 
quantity and figures much higher often are reported. 

In making high-grade steel, alloy steel, tool steel, 
stainless steel, etc., electrode consumptions as low 
as 17 lb of carbon electrodes per ton have been 
reported, but figures in that neighborhood are rather 
unusual and the average is probably nearer 25 lb. 
The figures for graphite are not as low as the expected 
1/, of the figures for carbon because of the long 
finishing time required for these metals. During 
that period the electrodes are consumed largely by 
oxidation; and although this is less with the graphite 
electrode because of its smaller size, still the propor- 
tion is not maintained and graphite consumption of 
less than 12 lb per ton is unusual. . In the steel cast- 
ing field, the consumption of graphite electrodes is 
very nearly half that of carbon ones, with graphite 
consumptions reported as low as 4'/, to 5 lb com- 
paring with carbon at 9 to 10 lb, and as high as 10 Ib 
per ton, comparing with 20 lb for carbon. Such 
figures are influenced greatly by the rate of opera- 
tion, that is, the number of heats per day and the 
amount of power put into the furnace per hour; 
and if the oxidation loss is proportionately great, 
as in the production of high-grade steel, the figures 
for graphite do not appear to as good advantage as 
they do when the bulk of the electrode consumption 
is accounted for by the transmission of power to the 
charge. Electrode consumption for iron may be as 
low as 3 lb per ton of graphite electrodes for furnaces 
charged with hot iron from the cupola, or may run 
as high as that for steel castings. Relatively few 
carbon electrodes are used in the gray iron industry, 
either duplexing or straight. 


CONCLUSION 


The number of users of carbon and graphite elec- 
trodes is increasing year by year, and the field of 
application is constantly widening. The future 
growth of the industry depends largely upon the use 
of the right electrode in the right place to secure the 
desired result, whether that be a new product or an 
old product made in a new way at a lower cost. 

Electrode manufacturers have made clear their 
desire to cooperate at all times with electrode users, 
and particularly in the later years operators have 
shown more inclination to benefit by the assistance 
the manufacturers were willing to give. 
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Induction Motors 
as Selsyn Drives 


The power Selsyn unit, an adaptation of 
the wound rotor induction motor, provides 
accurate remote control of angular motion, 
using only an electrical connection. The 
characteristics of these units are described 
briefly in this paper, and methods of 
calculating their performance are offered. 
Typical applications of Selsyn drives also 
are given. 


By 
L. M. NOWACKI 


ASSOCIATE A.I.E.E. 


General Elec. Co., 
Schenectady, N. Y. 


Tix: SELSYN device is used for 
repeating or reproducing by remote electrical control 
angular motion, both as to speed and total angle. 
The word “‘Selsyn” is an abbreviation of the expres- 
sion “‘self-synchronous”’ and indicates the normal use 
of the apparatus. The function of the Selsyn system 
is to transmit motion by electrical means between 2 
points which cannot conveniently be interconnected 
mechanically. 

The power Selsyn unit is an adaptation of the 
conventional wound rotor induction motor. The 
principle of operation is a familiar one. For sim- 
plicity, 2 identical 3-phase wound rotor induction 
motors will be considered. The stator windings are 
excited from a common power source, and the rotors 
electrically interconnected. One Selsyn unit is 
located at the point where the motion is generated 
and the other unit is located at the point where the 
motion is duplicated. Under these conditions, for 
each pair of poles, there is only one relative position 
of the rotors where the secondary voltages will be 
exactly opposed so that no current will circulate in 
the secondary windings. For other positions, a 
current will circulate in the rotor windings and 
torques will result tending to turn the rotors to that 
position where the voltages are again equal and 
opposite. If, therefore, one rotor is turned, the 
other rotor will tend to assume exactly the same 
position. 

Selsyn units are synchronized at standstill by 
applying single-phase excitation. This introduces 
several problems which bear directly on the choice 
of control and winding connections. A study of 
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the several synchronizing characteristics is important 
to the thorough understanding of the Selsyn drive. 
Both operating and synchronizing torques are ex- 
pressed in terms of induction motor operating char- 
acteristics, thus enabling the direct translation of 
induction motor characteristics into synchronizing 
and operating data. 


GENERAL 


Selsyn devices were first built over 20 years ago. 
They were originally designed as instruments for 
transmitting and receiving an indication by an angu- 
lar movement. In these applications the Selsyn 
receiver carried on its shaft only a very light dial 
pointer or possibly acam. The characteristics of the 
Selsyn device, however, soon made it desirable that 
the receiver be capable of exerting enough torque to 
perform such work as operating relay contacts or 
turning a valve. Simultaneously with this develop- 
ment came also requests for Selsyn control systems 
where the units were required to rotate continuously 
at high speeds in addition to carrying mechanical 
loads. In the last 5 years, considerable progress has 
been made in extending the Selsyn principle to indus- 
trial machine drives. 

The study of Selsyn behavior has not been given 
much attention in technical literature. Several 
papers were published in trade journals bearing, in 
the main, on application problems. The increasing 
popularity of the Selsyn drive made urgent a thor- 
ough understanding not only of the underlying 
principle of the Selsyn system, but, also, of the 
operating and synchronizing characteristics. It is 
the purpose of this paper, therefore, to describe 
briefly the behavior of the Selsyn units, to offer a 
convenient method for determining their character- 
istics, and to suggest the possible arrangements of 
the Selsyn tie. 


THREE-PHASE OPERATING CHARACTERISTICS 


The 2 Selsyn units are connected as shown in 
Fig. 1. One unit, the transmitter, is driven. The 
second unit, the receiver, rotates in synchronism 
with the transmitter. The angle of deflection 
between the 2 rotors is given in electrical degrees 
and is designated by a. For any angle a and slip s, 
the transmitter and receiver torques, for rotation 
against the revolving field, are: 


6.09 VI — Im) 


T; = sin 0 sina + Tosin?= Ib-ft (1) 
rpm We 

T, = eae es Les) sin 6 sin a — Tysin? = Ib-ft (2) 
rpm 2 

where 


V is the line voltage 

I is the induction motor current for slip s 

cos @ is the induction motor power factor for slip s 
T) is the induction motor torque for slip s 

Im is the induction motor magnetizing current 
rpm is the induction motor synchronous speed 


The above factors, as designated, are determined 
for an induction motor operating at the given slip. 
Thus the induction motor characteristics may be 
translated directly into Selsyn drive performance. 
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Similarly, the currents: 


1, = (1m cos $ + iT sin 5) He =i (3) 
I, = (In cos $ — jf sin $) Z ae (4) 
The line current: 

h=2 (us cos? 5 + I sin? 3) (5) 


The rotor current: 


Ip = jh sin A (6) 

All the currents are expressed vectorially. I» is 
the rotor induction motor current for slip s. 

Torque characteristics are shown in Figs. 2 and 3. 

The torque expressions of eq 1 and 2 consist of 
2 components, the first a synchronizing component 
due to the rotor displacement, acting in the direction 
to decrease the angle, and a rotor loss torque, acting © 
in the direction of the rotating field. On this ac- 
count, the receiver torque is higher for rotation with 
the field and the transmitter torque for rotation 
against the field. The synchronizing torque is 
highest and the induction motor torque is lowest for 
slips greater than unity. Therefore, to obtain the 
highest synchronizing torque efficiency, Selsyn units 
are recommended for operation against field rotation. 
Similarly, to obtain the highest motor torque effi- 
ciency, the units are recommended for operation in 
the direction of field rotation. Rotation in the 
direction of the revolving field is much limited by 
the loss of synchronizing torque in the neighborhood 
of synchronous speed. Here, if there should be a 
sudden change in speed, particularly if the inertia 
of the system is appreciable, the transmitter and 
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receiver may momentarily interchange their func- 
tions and possibly fall out of step. Operating in 
each direction with respect to the revolving field has 
its definite applications, all factors considered. 


849 


SYNCHRONIZING OF SELSYN UNITS 


Selsyn units are synchronized at standstill. 
Single-phase power is applied first, and, after a 
momentary time delay, 3-phase excitation is applied. 
Although the units may be synchronized 3-phase, 
synchronizing single-phase is more practical and 
eliminates certain difficulties. 

If 3-phase power is applied to the 2 units and if 
the initial angle of displacement is large, then, if 
the 2 units are unrestrained, they may tend to come 
up in speed in the direction of the revolving field. 
One machine will serve as a short circuit for the 
rotor of the other. The machines will not assume 
any definite speed but will fluctuate. If one unit 
is restrained, the other may come up to speed as an 
induction motor. With single-phase excitation, this 
occurrence is avoided, for the only torque existing 
is the synchronizing torque and continuous traction 
is not possible. Once the units are synchronized, 
3-phase power is applied and the Selsyn tie is 
operative. 

Single-phase excitation may be applied in one of 
3 ways as shown in Figs. 4, 5, and 6, respectively. 
In all cases, the rotors are interconnected 3-phase. 
Each connection has its particular torque-angle 
characteristic. 

The connection of Fig. 6 is suitable for synchroniz- 
ing. The maximum torque is high and occurs in 
the neighborhood of 150 electrical degrees, the region 
where the synchronizing torque is least for the other 
connections. A possible objection to this connection, 
for some applications, is the rapid decrease in torque 
for angles less than 90 deg. A convenient arrange- 
ment, from an operating point of view, is the se- 
quence of connections of Fig. 6 and Fig. 4. The con- 
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Figs. 4, 5, and 6. Single-phase torque-angle 
characteristics at standstill for 3 different connections 

of same motors as illustrated in Fig. 2 


nection of Fig. 4 prepares for the next step, the 
simultaneous application of the 3-phase excitation to 
all units. 

The connection of Fig. 5 has the advantage that 
the magnetic flux is increased in the ratio of 2/V3. 
The torque, like that of the connection shown in 
Fig. 4, varies as the sine of the displacement angle. 
For a given flux, the 2 connections have identical 
torque-angle characteristics at standstill. The con- 
nection of Fig. 5 has particular value when single- 
phase excitation is employed under running condi- 
tion. This arrangement is poorest for induction 
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motor action, but, on the same account, it is best for 
single-phase Selsyn operation. 


Case I: 
p = 205 VU = In) si 9 ono apett wy 
rpm 
nye a@ + 9 & 
h =X ( 1mc0s 9g + Jsin 3) a 
Case II: 
p = 3:50 VUE = Tn) sin a ty te ©) 
rpm 
= 2. tcost 2 + Taint 2 
ne Vi (e cos? 5 + I sin 5) oe 


The nomenclature is the same as for the 3-phase 
characteristics. The 3-phase induction motor values 
are determined for the slip of one and translated 
directly into single-phase synchronizing data. 

The connection of Fig. 6 is a very special case and 
does not yield a simple solution. An analysis of this 
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case is given in detail in Appendix II. For one 
thing, the magnetic flux varies with the displacement 
angle, increasing in the ratio of V2 for 90 deg dis- 
placement. The increased flux results in saturation 
and in an appreciable change in the several circuit 
constants. For this reason, the problem becomes 
involved?and a rigorous solution difficult. It is to 
be noted that a definite second harmonic is present 
in the torque characteristic, which, in part, accounts 
for the decreased torque for the low values of dis- 
placement angle, and for the increased torque for 
the high values of displacement angle. 


APPLICATION OF SELSYN DRIVES 


A common and a simple application of Selsyn units 
is the tie of 2 parallel drives. An interesting ar- 
rangement is the synchronized drive for the long 
lift bridge, as shown in Fig. 7. The 2 ends of the 
bridge are lifted by separate motors. A power 
Selsyn unit is direct connected to each main motor 
and the 2 Selsyn rotors are electrically intercon- 
nected. The main motors, as well as the 2 Selsyn 
units, are energized from the same power source. 
The Selsyn units are first synchronized, and, after a 
short time delay, 3-phase power is applied to the 
4 machines. By this tie, the 2 main motors are held 
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in step during acceleration and running, and the 
2 ends of the bridge are lifted and lowered in syn- 
chronism. In addition to this feature, the syn- 
chronized drive embodies several other points of 
interest. By using 4 duplicate units, 2 for the main 


drives and 2 for the synchronous tie, the entire 


Fig. 8. 


Lifting motor and Selsyn unit on top of 
tower of bridge span 


bridge may be lifted by one driving motor in case 
the other fails. Although this will impose a double 
load on the acting motor, nevertheless, in an emer- 
gency, this factor may prevent delay to railway 
traffic and navigation. Furthermore, the operating 
machinery is removed to the towers, the long-haulage 
cables and sheaves are eliminated, and thereby the 
weight of the total span is substantially reduced. 
A lifting motor and Selsyn unit of this type are shown 
in Fig. 8. 

The Selsyn tie is applied to synchronize a group of 
unit motor drives, as shown in Fig. 9, for the straight- 
line high-speed newspaper press. The Selsyn unit is 
built integral with each driving motor, as shown in 
Fig. 10. The entire group of Selsyn elements is 
energized from a common power source and all the 
rotor windings are electrically interconnected. The 
Selsyn units are first locked in step and when driven 
by their respective motors, start simultaneously and 
rotate in synchronism. Any unbalance in power 
between the several driving motors is equalized 
through the Selsyn units. The movement of any 
individual rotor in this combination is accompanied 
by a simultaneous and equivalent movement of each 
of the other rotors. The inherent function, there- 
fore, of such a group of Selsyn units is to hold in step 
and resist any external force to pull them apart. 
In the event of failure of any driving motor, con- 
tinuity of operation is assured. The Selsyn unit, 
deriving its energy from the other Selsyn units, will 
carry the total load of the individual drive. Such 
loading of the Selsyn unit is not generally recom- 
mended for long periods, but in an emergency, this 
feature is desirable. The application of the Selsyn 
tie to the segregated drive for newspaper presses 
made for greater flexibility and convenience. It 
made possible the complete elimination of all forms 


DECEMBER 1933 


of interconnecting drive shafts, gears, and bearings 
commonly associated with the usual form of press 
drives, with possible savings in cost of labor and 
maintenance. 

Selsyn units are used to synchronize auxiliaries 
with the main drive in many industrial equipments. 
A Selsyn generator is direct connected to the main 
motor and the several auxiliary units are driven by 
separate Selsyn motors. This form of a Selsyn tie is 
shown in Fig. 11, for the poidometer drive. In mill 
operations, it is often necessary to vary the kiln 
speed, and it is desirable to vary the feed in like 
manner. The tube mills, for instance, are fed with 
2 materials and it is necessary to have close regula- 
tion of the proportions of the materials in order to 
insure uniformity of product. Also, to obtain a 
maximum satisfactory output of the mill, it is 
important to have control of the quantity of material 
carried on the conveyors. By adapting the Selsyn 
tie to the poidometer drive, the kiln may be operated 
at any desired rate with a corresponding change in 


Fig. 9. Arrangement of motor drive with Selsyn 
tie-in, for straight line high-speed newspaper press 


the conveyor speeds. In this manner, the propor- 
tions of the raw materials are fixed irrespective of the 
kiln speed. 

The examples given are but a few of the possible 
applications of the Selsyn tie. A detailed and a 
specific description of the several drives is beyond 
the scope of the paper. The field of application is 
broad, ranging from fractional horsepower ratings 
for small auxiliary drives to main drives of 75 and 
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Fig. 11. Arrangement of 
Selsyn tie for poidometer 
drive 


100 hp. The practicability of the Selsyn tie is fully 
recognized and its usefulness is more and more 
realized by the industrial engineer. The flexibility 
of the drive, the simplicity of operation, and the 
resulting economy will, no doubt, lead to the further 
adoption of the Selsyn principle to the synchronized 
motor drive. 
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Appendix. |—Calculation of 3-Phase Characteristics 


The equivalent circuit of 2 identical Selsyn units is the combined 
induction motor circuit for the 2 rotors in series. The electrical 
angle of displacement between the 2 rotors is equivalent to the 
same displacement between the Selsyn terminal voltages. The 
circuit constants are per phase star and are referred to the stator. 

The equivalent circuit of Fig. 12 is resolved into the 2 component 
circuits of Fig. 13 and Fig. 14, respectively. The currents and 
voltages are determined for each component circuit, and, by super- 
position, are combined to give the currents and voltages of the 
original circuit. 

The power transferred across the air gap is E,J2 cos @:, where E, 
is the air gap voltage, Jy is the rotor current, and 4 is the angle 
between them. In terms of the 2 component circuits, the power 
transferred is 
P =, P’ aE Pp" (11) 
This is permissible, for the secondary current is common to the air 
gap voltages of the 2 component circuits. 


P = 1B GY cos ’ ae iD cos ¢” (12) 


where: 


E,’ is air gap voltage of lst component circuit 
E," is air gap voltage of 2nd component circuit 
I,” is secondary current of 2nd component circuit 
~' is angle between £,’ and J,” 

~” is angle between E,” and J,” 


Ges a 
> cos 
ry + f(a + Xm) 2 


Ey’ =o 


. a Tv 
he = 15> sin = Z — Oy” AAG 


where: 


Z' Z 6,’ is the impedance of lst component circuit 
In Z — 6,” is the induction motor rotor current for slip s 
Xm is the induction motor magnetizing reactance 

06 a 


= a 
— Ely sin = COS = cos (0; — A”) 


a7 Dae 


er. 

7 Dee 

EI, sin a eS + Xm), an" 1iXin ‘| 
9 (Z")2 sin 0)” -++ (Z")2 cos 4, 


El, sin & [sin 6,’ sin 6.” + cos 6,’ cos 62” | 


(13) 


Equation 13 is rigorous, but, for convenience, it may be simplified 
by making the following assumptions: 


Xm (x1 + Kin) 
te mie 
ial Xm a Fit) 

(Z)2 is negligible 


WesitiGs/)——lisin 0)" — J, 


, Pe rx Lise es 
a ae “m| (1 — gb) sina 


(14) 
where: 


I is the induction motor current for slip s 
Im is the induction motor magnetizing current 
x9 is total induction motor leakage reactance 
x, is induction motor magnetizing reactance 
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Fig. 12. The equivalent 
circuit of 2 identical Selsyn 
units 
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Fig. 14. The second compo- 
nent circuit 
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(15) 


Combining eq 14 and 15, the Selsyn transmitter torque, for rotation 
opposite to the magnetic field, is: 


21d ai). VERE rs a 
i epiit I?(1 — ab) We — en ) sina + re sin? el lb-ft (16) 
Similarly, the receiver torque: 


_ Fall Xo UN hr 
iby = oth I2(1 — ab) [GE = a) sin a — = sin? | lb-ft (17) 


where: 


rpm is the induction motor synchronous speed 

2 is the induction motor secondary resistance 

§ is the induction motor slip 

a is the displacement angle between rotors in electrical degrees 


Im 


gr Se 


The transmitter current: 


| a i sin ©) _@ 
, Tin COS 5 + jf sin 5 Uh 5 (18) 


The receiver current: 


el & _ itsin®) 22 
168 Cos 5 ji sin 5 a 3 (19) 
The line current: 
2: pees Cat ya 

i (, cos’ 5 + I sin? =) (20): 
The rotor current: 
peed mee 

rk = jl, sin 5 (21) 


But for a small error, eq 16 and 17 may be written in the following 
form, as presented in the text: 


6.09 V : 5 ’ 

Te aa (J —I,,) sin 6 sin a + To sin? A lb-ft (22) 
6.09 V 

T, = i (I — Im) sin 0 sin a — Ty sin? Ib-ft (23) 
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THE SINGLE-PHASE SYNCHRONIZING TORQUES 


The method employed for the 3-phase calculations may be ex- 
tended for the first 2 cases of the single-phase excited units. The 
direct-phase and reverse-phase-sequence voltages are determined 
and the corresponding currents and torques calculated. For 
case I, the component voltages at standstill are: 


E 


Ep = Er = 2 (24) 


Where D denotes direct-phase sequence and R reverse-phase se- 
quence. 


Tp = t — (I —I,,) sin 6 sin a — To sin? 4 lb-ft (25) 

Tr = : pen (I — Im) sin 0 sin a ae To sin? =| lb-ft (26) 

T=Tp+Tr= pUB ICG — In) sin @ sin a lb-ft (27) 

rpm 
Similarly for case IT: 
Ep = Erp = = (28) 
V3 

And 

TT 4+ Te= ae sin 6 sin @ lb-ft (29) 
The nomenclature is the same as for the 3-phase case. All the 


factors are determined for locked-rotor 3-phase induction motor. 


Appendix II—Single-Phase 
Characteristics of Case Ill 
The stators and rotors are connected as shown in Fig. 6. De- 


flecting one rotor from the other is equivalent to displacing the 2 
stator fields by the same angle. If the angle of deflection between 


STATOR I 
e 


Fig. 15. Schematic diagram x 
of the 2 single-phase fields ere TE ara 


Fig. 16. Three-phase imped- 
ance offered to the in-phase 
voltage component 


Fig. 17. Three-phase im- 
pedance offered to the quad- 
rature voltage component 


the 2 rotors is a, the stators may be represented diagrammatically 
as shown in Fig. 15. 

Let voltage EZ — a/2 = 0. Refer E Za/2 to the direct axis of 
stator II, namely (E Za/2) (cos a — j sin a). Ecos a Z a/2 
induces no voltage in phase 0’a’. For this component, the short 
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circuit may be considered 3 phase. The impedance offered to 
Ecosa Z a/2 isa balanced 3-phase secondary impedance as repre- 
sented by the circuit of Fig. 16. 

— jE sin a Z a/2 induces no voltage in phases 0’b’ and 0’c’. 
For this component, the 2 phases may be considered open circuited. 
The impedance offered to — jE sin a Z a/2 isa balanced 3-phase 
secondary impedance represented by the circuit of Fig. 17. 

Similarly let E Z a/2 = 0. Refer voltage EK Z — a/2 to the 
direct axis of stator J, namely (E Z — a/2) (cosa +jsina). The 
impedance of Fig. 16 and Fig. 17 is now offered to Ecos a Z — a/2 
andjE sina Z — a/2, respectively. 

The several voltages are further resolved into the in-phase and 
quadrature components: 


Voltages at a Voltages at d 


ELICOS"OXCOS1Q/2 x aM oe ol aku eee E cos a cos a/2 
Bi. COS [Oa SIN O/2 Savoie sadeveictetctsteye era —jE cos @ sin a/2 
YB SUM COST / Zaniqaver ede nt nc tae jE sin « cos ie 
IBS OF SITU Chi sree ketone tear Rita E sin @ sin a/2 
GREG SIT COSPR/ Dn ewe x ess eie aah hee ee —jKE sin a cos a/2 
Rc BW SIiM ae SINC) Dike ae aired milan eee KE sin @ sin a/2 


Inspecting the 6 sets of component voltages, it may be noted that 
3 pairs are in phase addition and 3 in phase opposition. One set of 
3 operates on the open-circuit impedance of Fig. 13 and the other 
on the short-circuit impedance of Fig. 14. The 2 voltages are 
designated by E’ and E”. 


E’ = E(cos a cos a/2 + (1 + K) sin asin a/2) 
E”" = jE(cos asin a/2 — (1 — K) sin a cos a/2) 


(30) 
(31) 


E’ and E” are single-phase voltages producing pulsating fields. 
The 2 pulsating fields are each resolved into the 2 rotating fields of 
direct and reverse-phase sequence which, at standstill, are E’/2 
and E”/2. 


As for case I and case II: 


21.1 
eh,” cos aay 


hie! 2) ehh oe ear 


lb-ft (32) 


where: 


Fg’ is the air gap voltage of the open circuit 
I,” is the secondary current of the short circuit 
~’ is the angle between Eg’ and J,” 
rpm is the synchronous speed 

The factor K is an impedance ratio. 
circuit of Fig. 17. 


It is determined from the 


om (33) 


where #, and H, are the voltages at a and d, respectively. 
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Corona Losses From 
Conductors of 1.4-Inch Diameter 


A sequel to an earlier paper by Carroll and 
Cozzens concerning corona loss measure- 
ments for the design of transmission lines, 
this paper presents data resulting from com- 
parative tests on 6 different designs of 1.4- 
in. conductor, the size selected for a 275- 
kv transmission line from Boulder Dam to 
Los Angeles. Data covers 3-phase, single- 
phase, and rain tests, and adds materially 
to the corona loss data previously reported. 


By 
JOSEPH S. CARROLL Director, Ryan Laboratory, 


ASSOCIATE A.I.E.E. Stanford University, Calif. 


BRADLEY COZZENS 


ASSOCIATE A.1.E.E. 


THEO. M. BLAKESLEE 


ASSOCIATE A.1.E.E. 


Research Engineers, Dept. 
of Water and Power, City 
of Los Angeles, Calif. 


F eon CORONA LOSS tests spon- 
sored by the Los Angeles Department of Water 
and Power at the Harris J. Ryan high voltage 
laboratory at Stanford University! and other pre- 
vious tests,? a corona loss formula was developed 
from which an economic diameter of 1.4 in. was de- 
termined for the department’s 275-kv transmission 
line from Boulder Dam to Los Angeles. In response 
to the specifications for the 1.4-in. conductor, the 6 
different designs shown in Fig. 1 were submitted by 
various manufacturers. 

During 1933 the Department of Water and Power 
conducted further tests at the Ryan laboratory, using 
factory samples of each of the 6 designs, as a result 
of which the following conclusions were reached: 


1. The importance of the die grease as affecting corona loss was 
further emphasized by the 1933 tests. 


2. Complete grease removal either by thoroughly washing, or by 
washing in connection with a period of aging, is necessary to obtain 
consistent corona loss data. 


3. Both gasoline and soap and water washings are necessary to 
accomplish complete cleaning of the cables. 


4. Rain greatly increases the corona loss from conductors, but there 
appears to be little correlation between loss and rainfall rate. 


Full text of a paper recommended for publication by the A.I.E.E. committee on 
power transmission and distribution, and scheduied for discussion at the A.I.E.E. 
winter convention, New York, Jan. 23-26, 1934. Manuscript submitted Oct. 
23, 1933; released for publication Nov. 9, 1933. Not published in pamphlet form. 


1. For all numbered references, see list at end of paper. 
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5. While the differences in the corona loss for separate types of 
1.4-in. stranded conductors are slight, the tests indicate that the 
size of the outside strands and the neatness of the stranding are fac- 
tors affecting corona. 

6. Smooth, properly formed segment conductors have a lower 
corona loss than stranded conductors of the same diameter. 


7. The smoothness of the segments is of prime importance in 
eliminating loss from a segment type of conductor. 


Details of procedure and results are given in the 
following text and illustrations. 


Test ARRANGEMENT AND PROCEDURE 


Samples were furnished for a 3-phase test line 
700 ft long and were erected in 2 equal spans of 
horizontal configuration, 30-ft spacing, 30-ft ground 
clearance and 16-ft sag. With slight modifications, 
the test arrangement was the same as that used in 
the 1931 tests, and the measurements were made 
with the same equipment and in the same manner as 
previously described. 

In each insulator string supporting the test line, 
20 units of 10-in. diameter were used. The line end of 
each string was shielded with a torus of 3-ft outside 
diameter made up of 6-in. stove pipe elbows and the 
ground end of each string was shielded with the 
2-ft aluminum radio shield previously described.? 
Suspension clamps were shielded further by smooth 
housings 6-in. in diameter. Fig. 2 shows the dead- 
end assembly and the suspension shield fittings. 
Insulators thus shielded showed no visible corona at 
line voltages up to 600 kv under dry weather con- 
ditions. 

Although the set-up was free from insulator loss for 
the dry conditions, previous experience? indicated 
that the loss over the insulators when damp could 
not be ignored. One duplicate dead end and one 
duplicate suspension string were erected in the open 
near the line and power loss over these strings was 
measured simultaneously with the line loss. When 
for a line voltage of 395 kv the loss over the two 
strings was greater than 10 watts, the values as 
read were multiplied by the proper value and 
subtracted from the total power to give the correct 
corona loss. 

In the two cases where loss measurements were ob- 
tained during rain, a burette tube equipped with a 
large mouthed multiplier was placed in proximity 
to the line and, from readings taken on this tube at 
definite intervals, curves were drawn from which the 
rainfall rate could be determined. 

Past experience’? *’ has shown that die grease or 
other lubricants used in the manufacture of cable 
greatly affect the corona loss. In most of the tests 
here described the loss measurements were obtained 
on the conductor as received from the factory. As 
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TYPE D 


Fig. 1. Sections of the various designs submitted for the 
large sized conductors required for the 275-kv line to carry 
Boulder Dam power to the City of Los Angeles 


Type A. A copper conductor made up of a 7-wire strand surrounded 
by 6 twisted |-beams with a single layer of round wires over all. The 
outer layer is composed of 30 wires each 0.125 in. in diameter having 
an 11-in. right hand lay. 


Type B. A copper conductor with an inner structure composed of 
a central tube surrounded by layers of smaller tubes with a single 
outside layer of 37 solid round wires each 0.104 in. in diameter and 
with a 14-in. left hand lay. 


Type C. A hollow copper conductor made up of 10 segments with 
a 28-in. right hand lay. The segments are interlocked, forming a self 
supporting structure presenting a smooth outer surface. The 1.65-in. 
type C cable was of similar construction, but made up of 12 segments 
having a 34-in. right hand lay. 


Type D. An aluminum conductor steel reinforced, having 28 out- 
side strands each 0.1355 in. in diameter with a 14.5-in. left hand lay. 


Type E. A copper conductor of the regular twisted I-beam construc- 
tion having 2 layers of round wires, the outside layer made up of 37 
wires each 0.1077 in. in diameter with a 10.9-in. right hand lay. 


Type F. A hollow copper conductor made up of 12 segments with a 
19-in. right hand lay. The segments are grooved to fit an ovel wire 
which holds them together. The surface of each segment has a shorter 
radius of curvature than that of the conductor, a feature which tends to 
“submerge the seams between strands. 


in previous tests, the cables then were lowered and 
washed with gasoline followed by a scrubbing with 
soap and water and a thorough rinse with clear 
water. A loss measurement followed this treatment. 
After weathering for some time, the cables were 
given an additional cleaning with fiber brushes and 
clear water and again tested. This procedure was 
modified for some particular cables and situations; 
for example, to determine if it was necessary to follow 
the gasoline washing with the soap washing and 
water rinsing, the type 6 cable was tested after the 
gasoline washing and again after the soap-and-water 
treatment. 

The first sample tested in the 1933 series was the 
1.65-in. type C conductor. Special tests on this 
cable included measurements taken hourly over a 
19-hr period; also during rain, and before and after 
the application of a dust layer (half clay and half 
feldspar) to the cable. Four days later grease was 


Fig. 2. Dead end insulator assembly and detail of 
suspension string shield used in tests 
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Fig. 3. Interior grease spreading over exterior 
surface of 1.65-in. type C (tubular segment) cable 
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Fig. 4 (left). Three-phase corona loss curves 
for type A cable 4 
i = 
= % Temp. Fe 
i a 
wo Ee Barom. Rel. Deg F 
> Kiar Date Condition In. Hg Humid. Air Cable = 
- 4.,.3-91-33...As Received. .......65. 29.91..32..62.0..73.0 9 
2 (paper wrapped) Sc 
< OMNES 20003 Nall clay later een eevee 99.86..52..53.0..60.0 «& 
g ys 8 804 Salis days lotehoee etn a 30.14..69..55.0..59.5 = 
$ 4. ..3-30-33...9 days later............ 30.02. .58..60.0..70.0 a 
w 5...4— 3-33...After gasoline, soap and 2 
< water washing......- 29.78..53..71.5..82.0 = 
f 6...4-19-33...After clear water wash- ws 
o i Re AG NES 99.99. .31..73.0..86.0 & 
= Techs s8aeg 9 days later. h peaeee sce 99.79..97..77.5..83.0 = 
Gi 41888). 0 daysilaterm cc. etletieleree 99.85..45..57.0..66.0 
; 9...5- 9-33...After 2d clear water ; std 
WG ctneler oe wshorwterenes 0285.52.50 7255 20h be, 0 200 240 80 3 4 
ONE nea age eae Wate Soup Riche Kae LINE VOLTAGE — KV SINE WAVE EQUIVALENT 
observed spreading over the surface of the cable Fig. 5. Three-phase corona loss curves for 
from the segment interstices. Fig. 3 shows how type B cable 
plainly this spreading grease was indicated by the ,. ae 
dust la er Curve Barom. Rel. Deg F 
Dee: 5 No. Date Condition In. Hg Humid. Air Cable 
The construction of the type C and type F con- Pah einucet le ctl Ce. ee 
. _ o ‘ a dhs Ae LNSICCCCIVCOLN ae taieboiohsreiees , ie cin Oks 2 ' 
ductors permitted the circulation of gasoline through 2...5-12-33...After gasoline washing... .29.97..61..58.0..64.0 
their interiors. Profiting by the experience with the 3...5-16-33... After soap and water soo eee 
‘ s WV ASKING teverstensnesaiets ia y Pf ae AP H 
1.65-in. type C conductor, the 1.4-in. types C and PERE bY Me vata AR 
ine tee cane ee ee 29.83..40..65.5..70.0 


F conductors were flushed prior to the regular ex- 
terior cleaning by circulating gasoline through each 
sample for from 11/,; to 2 hours, followed by air 
circulation for an equal period. The effect of this 
cleaning on the corona loss was so marked that the 
1.65-in. type C cable was retested with gratifying 
results after similar treatment. 

Single phase measurements obtained on single 
conductors with the other 2 conductors grounded 
helped to emphasize the importance of surface con- 
dition, especially grease, as it affects corona loss. 


TESTS ON Type A CONDUCTOR 


Three-Phase Tests. The range of power losses 
revealed by a series of 3-phase tests on type A cable 
is shown by the curves of Fig. 4. The cable was 
brushed with fiber brushes at the factory and upon 
receipt at the laboratory the three lengths were 
taped with heavy wrapping paper to preserve the 
surface as received. Loss measurements obtained 
on this cable 1, 2, 4, and 10 days after it was erected 
are reflected in curves 1 to 4 which show the pro- 
gressive shift of the loss curves toward the low volt- 
age abscissa due to the grease spreading over the 
surface from within the cable. 

Curve 5 gives the loss on this same cable immedi- 
ately after a gasoline, soap and water washing, and 
reveals that a shift of 60 kv was accomplished by the 
cleaning. Loss measurements taken 1, 5, and 8 
days after the same washing gave less than 5 kv 
shift from curve 5 and are not plotted. 

Nine days after the same washing the cable was 
washed in clear water and again tested. The re- 
sults as given by curve 6 show a shift of from 40 to 
50 kv from curve 5. Curve 7 shows the loss on this 
same cable 2 days after the clear water wash as 
being slightly less at the bend portion of the curve. 
A brisk wind during the time curve 7 was obtained 
was the only thing to make it different from curve 
6. Six days after the clear water wash the loss had 
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i 
Curve 4 based on single phase measurements on lines 1 and 2. 


increased to a value as shown by curve 8, and within 
another 2 days it was practically identical with the — 
values of curve 5.. Some of this increase in loss 
could have been caused by light rain during the 
interim” although more probably it was caused by 
grease working to the surface of the cable. After 
12 days of generally cool and cloudy weather the 
loss curve moved back to lower loss values approxi- 
mating those of curve 7. 

Approximately a month after the clear water wash- 
ing the cable was given a second clear water wash 
and immediately tested again. These results, as 
shown in curve 9, closely approximate those of 
curves 6 and 7, and well represent the corona loss 
from a clean cable of the type A construction. 

Single-Phase Tests. Single-phase corona losses 
from the individual conductors of the test line were . 
obtained for 3 conditions: (1) as received, (2) after 
gasoline, soap and water washing, and (3) after 
first clear water washing. As received, the loss on 
line 3 (the conductors of the test span were desig- 
nated lines 1, 2, and 3 with line 2 the center con- 
ductor) was appreciably greater than the loss on 
lines 1 and 2. After the gasoline, soap, and water 
wash the difference in loss between individual con- 
ductors was less, and was decreased further after the 
clear water wash. Part of these variations may be 
due to difference in the cable surface, but, from tests 
on this and other types of conductor, it is apparent 
that the principal difference is in the amount of 
grease on the cable surface. 

Tests During Rain. Inasmuch as previous meas- 
urements” have indicated a large increase in corona 
loss during rain, a few single phase measurements on 
the greasy type A cable as received from the factory 
were made during rain periods with concomitant 
measurement of rainfall. The measurements were 


ELECTRICAL ENGINEERING 


Curve 


Set Date 


THREE-PHASE POWER LOSS IN KW PER MILE 
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Fig. 6. Three-phase corona loss: curves for 
1.4-in. type C conductor 


% Temp. 
Curve Barom. Rel. Deg F 
No. Date Condition In. Hg Humid. Air Cable 
Hie Ome oS Srieh NS NCCCIV OC sreecterey tse cich 29.88..44..61.0..66.0 
(paper wrapped) 
Oe tOm DoS oy 4 daysvlatent .acac ssamee 29.81. .56..65.0..68.0 
(paper wrapped) 
3...6—- 8-33...After gasoline, soap and 
water washing....... 99.91..25..76.0..88.0 
Ae .0-99-335 2014 days lateraasme< oo 29.84..42..72.0..76.0 
5...6-23-33...After clear water wash- 
INGE Mapai Greek eo 99 -B6. 30: -70.0. .78:0 


made at’ 185 kv to ground on line 1, simultaneously 
taking readings of total line loss, of insulator loss, and 
on the rain gage. The loss did not show the ex- 
pected variation with rainfall rate because, although 
this value varied from as much as 0.12 in. per hour to 
less than 0.005 in. per hour, the corona loss varied 
only from 40 kw per mile to 32 kw per mile. The 
corresponding single phase, dry weather loss on the 
same conductor was approximately 2 kw per mile. 
The foregoing wet weather values were corrected for 
insulator loss as previously described. 


TESTS ON TyPE B CONDUCTOR 


Three-Phase Tests. Power losses for the type B 
cable, as revealed by 3-phase tests are shown by 
the curves of Fig. 5. This cable received no cleaning 
at the factory and hence, though well stranded, was 
very greasy. Erected without the protective paper 
covering, and as received from the factory, this 
cable had a corona loss as shown in curve 1. Washed 
in gasoline only the day after erection, the cable 
showed (curve 2) a shift of about 70 kw from the 
“as received’”’ condition. Four days later the cable 
was given the soap and water cleaning, which 
caused a further shift of 35 kv (curve 3). A loss 
curve taken two days later showed a shift of less 
than 5 kv and is omitted. The fact that each 
treatment gave a decided shift in the loss curves in- 
dicates that both the gasoline and the soap and water 
cleaning are necessary. It being necessary to ac- 
celerate the tests, two lengths of type 6 cable were 
left in position as lines 1 and 2 and a single length of 
type E cable was substituted for line 3, requiring the 
remaining measurements on type B cable to be 
made single phase. 

Three-phase power loss may be approximated 
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Fig. 7 (right). Single-phase corona loss curves 
for 1.4-in. type C cable 


Condition 


1...6- 9-33...As received... 

2...6- 8-33...After gasoline, soap and 
water washing 

3...6-23-33...After clear water wash- 

IGisie woe Gs were aha cas 99 .86..46..68.0..76.0 


BOO DOO) 29.91..37..63.0..74.0 
Ran ccd 29.91. .34..75.0..86.0 


% Temp. 
Barom. Rel. Deg F 
In. Hg Humid. Air Cable 
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from the single phase measurements, the conversion 
involving the premise that corona loss is dependent 
upon the voltage gradient surrounding the conduc- 
tor. Since, for the same conductor under different 
conditions equal charging currents indicate equal 
gradients, it should be true that equal charging cur- 
rents would be accompanied by equal corona losses. 
From a straight line relation of charging currents 
with respect to voltage for single phase and 3-phase 
conditions, the equivalent single phase and 3-phase 
voltages corresponding to any particular value of 
charging current and, by premise, to any particular 
value of corona loss may be obtained. Because of 
less definite factors than gradient (space charge‘), 
three-phase loss curves obtained by this method are 
generally lower than curves from actual 3-phase 
tests, but the accuracy is sufficient to allow conver- 
sion when 3-phase data are lacking. Curve 4 of 
Fig. 5 gives the 3-phase results obtained by the 
above conversion method on the type B cable after 
the clear water rinse. This additional rinse shifted 
the loss approximately an additional 55 kv. 

Single-Phase Tests. Single-phase measurements 
made on the individual conductors as received, 
showed lines 2 and 3 to have similar loss values 
with line 1 having a lower loss value equivalent to a 
shift of from 25 to 30 kv. After the gasoline wash- 
ing, the curves for all 3 lines showed less than a 10-kv 
separation. A further test after the soap and water 
wash showed lines 1 and 3 to have practically iden- 
tical loss, with line 2 having the greater loss by a 
voltage shift of about 10 kv. 


TESTS ON 1.4-IN. TYPE C CABLE 


Three-Phase Tests. Results of 3-phase tests on 
1.4-in. type C cable are shown in the curves of Fig. 6. 
This cable was washed exteriorly at the factory, and 
at the laboratory was taped with wrapping paper to 
protect the surface, but prior to erection the paper 
became discolored by grease working to the surface 
from within the conductor. Loss measurements 
taken on the cable in this condition are given by 
curve 1. Four days after erection a second loss 
measurement gave considerable higher loss values 
(curve 2) as a result of the grease spreading over the 
cable surface. Inasmuch as the exterior cleaning 
obviously would not have been sufficient for a satis- 
factory test, the cable was given an interior flushing 
as already described. 
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* Fig. 8 (left). Three-phase corona loss curves ae 
Re i for type D cable : zo 
3 oleate iment iat i. % Temp. = a 
S24 urve Barom. Rel. Deg F & 24 
. is 
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Curve 3 gives the corona loss after the interior 
flushing and the exterior gasoline, soap and water 
wash. It will be observed that the shift at the 
bend portion of the curve is greater than at the higher 
voltage values, showing that the grease is primarily 
effective in starting corona. Loss curves were ob- 
tained 5 and 14 days after this cleaning and the latter 
curve is presented as curve 4. 

As with the other types of cable, a clear water rinse 
shifted the loss to still lower values (curve 5). 
A test made 7 days later gave a loss curve identical 
with curve 3, whereas a further test made 12 days 
later and under adverse weather conditions showed 
the loss to have increased until the curve was prac- 
tically identical with curve 4. This latter shift can 
be explained by the results of study by graduate 
students at Stanford University® which showed that 
the amount by which corona loss varies with in- 
creased humidity is dependent upon the foreign 
matter on the surface of the conductor. Thus the 
12-day accumulation of dust and other foreign mat- 
ter on the 1.4-in. type C cable gave a higher loss with 
the high humidity than would be encountered under 
dry weather conditions. 

Single-Phase Tests. The 3 sets of curves in Fig. 7 
show the corona loss of individual conductors (1) 
as received, (2) after a gasoline, soap and water 
wash, and (3) after further clear water rinse. While 
the curves for the cable as received show a difference 
in excess of 15 kv, it may be seen that after each 
washing treatment the separation between individual 
samples is very slight. 


TESTS ON TYPE D CABLE 


Three-Phase Tests. Results of 3-phase tests on 
type D cable are shown in the curves of Fig. 8. 
Although this cable was given the regular factory 
cleaning normally applied to this type of conductor, 
it still carried considerable grease. To prevent 
accretion of dust and-dirt, the cable was prevented 
from coming in contact with the ground during 
erection. Curve 1 gives the loss as erected, and 
tests made 4 days later gave practically the same 
values. 

In an attempt to clean this cable thoroughly, 
practically twice the gasoline used on other cables 
was used and the cable was rinsed in gasoline prior 
to the soap and water washing. Curve 2 gives the 
corona loss after this washing and, as with the type 
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Fig. 9. Three-phase corona loss curves for 


type E cable 
% Temp. 
Curve Barom. Rel. Deg F 
No. Date Condition In. Hg Humid. Air Cable 
Tie SO —S 3h ce AS necciv.ed piemee mre 29 .90..50..74.0.. 84.0 
9...8- 3-33...After gasoline, soap and 
Waterswashimgniein 2 ono ers Shier nls oteteu anes 
3...8-11-33...8 days later.......... 99.71. -362281140..2 (947-0 
Bile O-10-SS).n11S, days latercee teen OO 8B Sila Gill Oke O5'0) 
4...8-16-33...After clear water wash- 
MG vi a ee 99.77. .36..90.0..100.0 


C cable, shows the shift to be greatest at the bend 
portion of the curve. Tests 9 and 15 days after 
washing showed little shift from curve 2. Even 
with this thorough initial cleaning, a subsequent 
washing with clear water shifted the loss curve still 
farther, as shown by curve 3. Single-phase loss 
measurements taken 5 days after the clear water 
washing showed little difference from those taken im- 
mediately after that washing. 

Single-Phase Tests. This cable was no different 
in action under single-phase measurements than 
any others. Differences between individual con- 
ductors when initially tested became less after the 
gasoline, soap and water wash and still less after 
the clear water rinse. 


TESTS ON Type E CABLE 


Three-Phase Tests. Curves of Fig. 9 show the re- 
sults of 3-phase tests on type E cable. This cable 
was cleaned at the factory with rotating brushes, and 
was erected without protective covering. Curve 1 
shows the corona loss on this cable as received. 
To accomplish a thorough cleaning of this cable, 2 
gasoline rinses followed the regular brushing with 
gasoline. Tests made after the gasoline, soap and 
water washing showed a shift of more than 100 kv, 
as indicated in curve 2. Measurements made 8 and 
13 days later gave values as shown by curve 3, with 
little difference between the 2 measurements. That 
the initial cleaning was thorough is shown by the 
slight shift (curve 4) following the final washing 
with clear water. 

Single-Phase Tests. Contrary to the condition 
with the other cables, the loss on the individual con- 
ductors for the type E cables as received was prac- 
tically identical. After gasoline, soap and water 
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ae Fig. 11 (right). Three-phase corona loss curves 
w28 a for 1.65-in. type C cable Ny 
o % emp. = 
ae4 HH Curve Barom. Rel. Deg F os 
= EG No. Date Condition In. Hg Humid. Air Cable = 
Z20 z 
2 —|-H 1...2- 1-33...2 days after gasoline, 2 
3 rep and water wash- br 
milk a son Even EecLa Go bot 30.13..60..45.5..58.0 c 
= + 9... .9-91-33.. 99 ie after gasoline, = 
@ 12 soap and water wash- a 
2 nae ins Reena 99.99..45..62.0..73.0 
ze | 3...2-94-33...After clear water wash.. .30.13..25..60.5..67.0 = 
u 8 Bl 4...3-18-33...22 days after clear wy 
e | water wash.......... SOn2Om See 593010980 a 
tA. 5...9- 7-33...After second gasoline, re 
ee | d water wash. .29.57..20..82.0..94.0 
Paige soap and water was ; 
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Fig. 10. Three-phase corona loss curves for 


type F cable 

Temp. 

Curve Barom. Rel. Deg F 
No. Date Condition In. Hg Humid. Air Cable 

1...8-18-33...After gasoline, soap and 
water washing....... CORB Dil O GAO 
Q..,.8-28-33...10 days later.......... 99.81. .44. .70.0..750 
3...8-29-33. sot clear water wash- 

PUD a cvagulencietaceiee ie ea 29.81..48..73.0..82.0 


Curves 2 and 3 biked 6 on single-phase measurements on lines 2 and 3 


washing there was a slight difference that did not 
change appreciably with the clear water rinsing. 


TESTS ON TypPE F CONDUCTOR 


Three-Phase Tests. Results of 3-phase tests on 
type E cable, of tubular construction, are reflected in 
the curves of Fig. 10. This cable received no clean- 
ing at the factory, but was flushed with gasoline be- 
fore erection. Because grease continued to ooze 
from the cable a second flushing was required, 
after which the regular exterior gasoline, soap and 
water treatment was given. The resulting loss is 
given by curve 1. An accident prevented further 
3-phase tests being made, so the remainder were 
made single phase and converted as previously de- 
scribed. 

Single-Phase Tests. The single-phase tests showed 
the characteristic difference in loss from individual 
conductors. After the clear water washing, some 
difference still existed between conductors 2 and 3, 
though they were free from grease. Single phase 
loss measurements taken 10 days after the soap and 
water cleaning, and converted to 3-phase values, are 
given by curve 2. The results after the clear water 
wash as obtained by the same method are given by 
curve 3. 


TeEstTs on 1.65-IN. TypE C CONDUCTOR 


Three-Phase Tests. Curves of Fig. 11 reflect the 
results of tests on the 1.65-in. type C tubular con- 
ductor. This was the first conductor tested during 
1933. At the close of the tests on the 1.4-in. cables, 
the larger cable was flushed with gasoline and given 
a second gasoline, soap, and water washing. The 
cable was initially erected in wet weather so was given 
the normal exterior gasoline, soap and water wash 
before testing. The first loss measurement (curve 1) 
was made 2 days after the initial washing, a slight 
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rain occurring in the interim. Measurements ob- 
tained a day later showed a slightly lower loss, where- 
as those obtained 22 days after the initial washing 
gave appreciably higher losses (curve 2). This in- 
creased loss was found to result, first, from the 
spreading of grease over the cable surface from be- 
tween the segments and, second, from the accumula- 
tion of bird dung on the cable. Consequently, the 
cable was washed with clear water and tested again 
(curve 3). 

Tests made to determine the effect of dust on the 
cable surface showed that as long as the cable was 
dry the change in loss was negligible. Another test 
on the same cable made 22 days later however, 
yielded the results shown in curve 4, revealing that 
grease and more bird dung had accumulated. After 
this the cable was stored for 6 months and then 
flushed and rewashed with gasoline, soap and water, 
whereupon another test yielded the data shown in 
curve 5. 

Tests made with loss measurements taken hourly 
over a 19 hour period were made immediately after 
the dust, grease, and bird dung were removed. 
Though previous experience had shown the loss 
to vary appreciably after nightfall and with in- 
creasing humidity, these tests showed a maximum 
shift in the loss curves of less than 20 kv, undoubtedly 
due to the absence of foreign matter on the cable as 
previously mentioned.°® 

Rain tests and single phase measurements on this 
cable exhibited nothing different from that men- 
tioned with respect to other cables. 


RECAPITULATION 


After Gasoline, Soap and Water Washing. The 
corona loss curves for all cables tested in 1933 to- 
gether with the 1.49-in. and 2-in. cables tested in 
1931! are presented in Fig. 12. Type A (curve 1) 
shows the highest loss, possibly due to incomplete 
grease removal, difficulty in obtaining smooth strand- 
ing with the multiple I-beam construction, and larger 
diameter of strands in the outer layer. The type B 
cable (curve 2) appears to be slightly high for this 
type of cable, possibly due to incomplete cleaning. 
The type D cable (curve 3) having large strands and 
possibly being not completely clean, also is high. 
Curve 4 for the type E cable probably is the best 
that can be expected from a clean, well made cable 
of this diameter having small wire strands. The 


859 


type E cable shows a lower loss than the 1.49-in. 
stranded cable (curve 5) tested in 1931, possibly 
due partly to a less complete washing of the latter 
cable and partly to the fact that the type £ cable 
was stranded better and was brush-cleaned at the 
factory. Curve 6 for the 1.4-in. type C conductor in 
a thoroughly clean condition shows the advantage 
of this type of conductor, from a corona loss stand- 
point, over conventional stranded cable of the same 
diameter. The segment type of conductor (type F; 
curve 7) shows loss values very close to those for 
stranded cables of the same diameter. Curve 8 
shows the corona loss for the 1.65-in. type C con- 
ductor after being cleaned inside and out with gaso- 
line and with the exterior soap and water washing. 
The loss for the 2-in. cable from previous tests, after 
the standard gasoline, soap and water wash, is given 
by curve 9. 

After Clear Water Wash. Fig. 13 gives the corona 
loss curves for all the 1.4-in. conductors tested. 
These curves give a better laboratory comparison 
of corona loss performance than the conditions given 
in Fig. 12, although the latter curves probably 
represent more nearly the conditions that might be 
encountered in practice. The type A cable (curve 1) 
still shows the highest loss, probably due to larger 
strands and to difficulty in obtaining a smooth con- 
tour with this type of construction. The types D 
and E cables (curves 2 and 3) show almost identical 
loss although type D has appreciably larger strands. 
The type B cable (curve 4) was obtained from single 
phase measurements, which gives lower loss values; 
however, all the shift cannot be accounted for by this 
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Fig. 12. Corona loss curves for all cables after 
gasoline, soap and water washing 


% Temp. 

Curve Barom. Rel. Deg F 
No. Date Cable In. Hg Humid. Air Cable 
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pao OS teil O-In. type Gc 1-29.57 220), 89.00. O40 
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fact and may be attributed to the exceptionally 
smooth stranding and small wires in the outer layer. 
The type F conductor (curve 5) although showing a 
relatively low loss in the higher voltage range has a 
high loss in the low voltage or operating range. 
This probably is due to roughness of the individual 
segments and to the arched segment construction 
used. As was the case with the previously described 
condition, the type C conductor (curve 6) showed 
the lowest loss of any of the 1.4-in. conductors. No 
tests were available on the 1.65-in. type C conductor. 
Referring to curve 8 of Fig. 11 for the 1.65-in. type 
C conductor, it may be seen that it has practically the 
same loss as the 1.4-in. type C conductor after the 
latter had a second clear water rinse. The 1.4-in. 
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Fig. 13. Corona loss curves for all cables after 
clear water washing 


% Temp. 


Curve Barom. Rel. Deg F 
No. Date Cable In. Hg Humid. Air Cable 
Aien4 12-33 italyper/ Names eine 29 OO Slee 1320 ORO 
O Fer. D1 —S See ALY De Da alert eines ale 29 .63..31..86.0..100.0 
SO 1O-S3ir ely pe Emme ieee aces 29.77. .36..90.0..100.0 
Lio aria lmceloiann bykalsie cud tctde Aten due oF 99°83) AO) 65.5).5 120.0 
Dt tO O-OS ter LY Pekiwe eterna nue cers PaO 29.81..48..73.0.. 82.0 
6216-03-33 sil: 4-innity pol Cannan ent eee 29.86..36..70.0.. 78.0 


conductor was manufactured in the United States 
and was a smoother job than the 1.65-in. conductor 
which was of foreign make. 
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ELECTRICAL ENGINEERING. 


Cross Potential 


of a 4-Arm Network 


This paper treats the loci of potential dif- 
ference across the midpoints of a 4-arm 
network with constant coefficients and con- 
stant applied voltage. When the network 
is operated at constant frequency and any 
one of its arms varies along one of its com- 
ponents or at constant phase angle, the 
locus of potential difference is a circle. 
When the network arms remain fixed and 
the frequency is varied, the locus may or 
may not be a single circle and in many 
instances may be expressed as the sum of 
2 circles or a circle and a bicircular quartic. 
To illustrate the practical application of 
this work, the analytical treatment and 
numerical results are given for typical 
networks. 


By 
ANATOLI CG SELETZKY Case School of Applied 


ASSOCIATE A.1.E.E. Science, Cleveland, Ohio 


Reaver USE of bridge circuits, 
consisting chiefly of 4-arm networks, not only for 
measurements of electrical quantities, but also for 
control and recording purposes, calls for a more 
critical consideration of the performance of such 
circuits. In measurements of electrical quantities, 
where one or more of the bridge arms are varied 
until null voltage exists across the midpoints of the 
bridge, a frequent question that arises is the choice of 
the most appropriate type of circuit which will yield 
the greatest accuracy and sensitivity. When the 
choice of a bridge circuit has been narrowed to a 
single network, as determined by voltage require- 
ments, current carrying capacity, available ranges of 
precision apparatus, type of null detector, and con- 
venience and speed of manipulation, another prob- 
lem still remains. This is the proportioning of the 
impedances of the network arms to obtain maximum 
sensitivity and accuracy. It is no longer sufficient 
merely to evaluate the conditions of the variable 
arm which produce null potential difference across 
the detector, but it is necessary to compute the 
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currents flowing through the detector, or the poten- 
tial difference across it if it draws no current, as the 
variable arm ranges through both sides of the balance 
point. 

Computations of midpoint potential difference 
and detector currents have been avoided as much as 
possible because they invariably involve point-by- 
point calculation of several complex quantities com- 
prising the analytical expression, in a none too con- 
venient form. Obviously, when demands upon 
accuracy and sensitivity are not important the con- 
sideration of the unbalanced conditions may be 
omitted. However, when bridge networks are used 
for control and recording purposes, they may or 
may not be operated with null potential difference 
across the midpoints. Here, of course, the calcula- 
tion of midpoint potential differences cannot be 
dispensed with. 

This paper treats the variation of potential dif- 
ference across the midpoints of a 4-arm network at 
both constant and variable frequencies. The results 
are obtained by considering the midpoint potential 
difference as one or more linear fractional trans- 
formations. The work necessary to determine the 
loci of the transformations, in general, entails less 
computation than the determination of 1 or 2 points 
in the usual point-by-point calculation. The treat- 
ment throughout is perfectly general and may be ap- 
plied directly to the performance of any 4-arm net- 
work, the coefficients of which do not vary with 
frequency. To illustrate the practical application 
of this work, the analytical treatment and the nu- 
merical results are given for typical networks when 
either the frequency or one of the arms is varied. 

The results show that the locus of potential dif- 
ference across the midpoints of a 4-arm network, 
with constant coefficients, operated at constant 
frequency and constant applied voltage is a single 


Fig. 1. General 4-arm net- 


work 


circle when (1) any one of the arms varies in mag- 
nitude at a constant phase angle; or (2) any one of 
the arms varies along one of its components. When 
the frequency is varied, the locus may or may not be 
a single circle. When the locus is not a single circle 
and no higher powers of frequency than the second 
occur in the expression for the potential, that ex- 
pression may be broken down by partial fractions 
into the sum of 3 terms. In the most complicated 
case of this sort, these terms are a constant, a circle, 
and the square of a circle. The determination of 
loci by use of the Schenkel form of linear fractional 
transformation has been found to afford an accurate 
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and rapid method of ascertaining the complete path 
of cross potential difference as a function of any 
variable desired. 


GENERAL 4-ARM NETWORK 


In its most general form, the 4-arm network may 
be considered to be composed of 4 elements, having 
impedances, Z,, Z,, Z,, and Z, as shown in Fig. ile 
If the applied voltage across the network be £, the 
cross potential difference, e existing across the mid- 
points, is 


= LaLa = LiL 1 
ee) (Z. + Za) ey 
For most purposes it is more convenient to express 
the potential difference across the midpoints of the 
network in terms of volts per volt of applied voltage 
és. 
é Lila — LZe 
e’ a — er (2) 
E (Za + Zs) (Ze + Za) 


Since this paper deals exclusively with the potential 
difference e’ in terms of volts per volt of applied 
voltage, the author will take the liberty to refer to 
it as “‘cross potential,’ “midpoint potential,’ or 
merely, ‘‘potential.” 

To treat the loci of the cross potential under 
various conditions, the equation of a circle will be 
used as originally applied to a-c circuits by Schenkel 
(Elektrotechnische Zeitschrift, v. 22, Dec. 19, 1901, 


é 


p. 1043-4). For present purposes the canonical 
form of the circle will be 
a + Bp 
~ ¥ + 6p (© 


in which p is a scalar variable that may range from 
minus to plus infinity, and a, B, y and 6 are constants. 
Thus S is a variable vector emanating from the 
origin, whose extremity describes a circle as p ranges 
from minus to plus infinity. The form of eq 3, con- 
taining the variable p in the first degree only, is 
known as a linear fractional transformation and 
yields a circle when the variable is a scalar. 


NETWORKS AT CONSTANT FREQUENCY 


A number of conditions that, at constant fre- 
quency of applied voltage, give rise to circular loci 
for the cross potential now will be studied. 

When the impedance of one of the arms, for ex- 
ample, Z,, varies at constant phase angle, then Z, 
may be written as Z, = Z,'p where Z’, is a unit 
vector having the same phase angle as Z,, and p as 
before is the scalar variable. Then eq 2 may be ex- 


pressed as 
= —23Z #5 LaLa p 
(Za a 2)Ze aia C4 + Z)Z' ap (4) 
a =2ZZ hea (Za ak 2)Ze 
B= Zab’ ¢ 6= (Ze + Zp)Z' a (5) 


Equation 4 is seen to be a circle in the form of a linear 
fractional transformation as given by eq 3; the 
corresponding constants are given in eqs 5. 

When the resistive component of any one of the 
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arms, as Z,, varies, R, + jX, = Z, is substituted 
into eq 2, which gives é 


e! = —2ZZ, + jZoXa ate ZiRa (6) 
(Za + 2s) (Ze + jXa) + (Za + 2Zs)Ra 

a= —2,2, + jZaXa 

B = ae 

y = (Za + Z) (Z. + jXa) | (7) 

§ Sv, sb 

p =Ra 


Similarly, when the quadrature component of 
any one of the arms, as Z,, varies, 


(b= —2Z. am Zaka + jZaXa (8) 
(Za + 2) (Ze + Ra) + j(Za 2) Xa 

a= —22. = ZaRa 5 = Za ar Z») | 

B = jZa p=Xa (9) 

y = (Za + 2) (Ze + Ra) ) 


Both eqs 6 and 8 have circles for their loci since 
R, and X, are the respective scalar variables, the 
constants in each case being given by eqs 7 and 9. 
Equations 4, 6, and 8 show that at constant 
frequency the cross potential of a 4-arm network 
follows a circular locus for either of the following 
conditions: (1) variation of impedance of any one 
of the arms at constant phase angle; (2) variation 
of either resistive or quadrature components in any 
one of the arms. The variable under either condi- 
tion may vary over any part or all of the range from 
minus to plus infinity. The importance of eqs 
4, 6, and 8 is that in lieu of a separate computation 
involving complex quantities for each value of the 
variable desired, a circle that includes all possible 
values of the variable may be determined very simply 
from the network constants. Another feature of 
equal significance is that a “‘scale line,’ that is, a 
straight line correlating directly the linear scale of 


Fig. 2. Circular locus for network shown in Fig. 1; 
note relationship between the scale line and circle 
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Fig. 3. A typical 4-arm 
network 
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the variable arm with corresponding points on the 
circle, may be obtained readily by utilizing an invari- 
ant point of the transformation. 

Of the various methods available for determining 
the radius and the center of the circle, 2 will be de- 
scribed. (See W. O. Schumann, ‘“‘Zur Theorie der 
Kreisdiagramme,” Arch. f. Elektrot., v. 11, July 28, 
1922, p. 140-6.) The first method, analytical in 
character, follows directly from the equations neces- 
sary to demonstrate that the form of eq 3 is circular. 
From these equations it has been shown that the 
radius 7 and the center vector c (the vector joining 
the center of the circle with the origin) are: 


=, (COS 

| eames (10 
abe — BYe 

¢ = 
5c — Oe (11) 


in which the subscript ¢ indicates the conjugate of the 
vector to which it is attached. Thus the determina- 
tion of the position of the center and the radius of 
the circle involves merely straightforward substitu- 
tion in the foregoing formulas. 

The second method of locating the circle is the 
determination of the center point and the radius 
from 3 different values of the variable scalar op. 
The ease of this procedure lies in the fact that the 
values of the variable may be so chosen as to reduce eq 
3 to much simpler forms. For instance, when p = 0 


iC pe: = (12) 


and when p = ~ 


=? (13) 


Se ; 


The third point is obtained by taking some other 


value of p, which likewise in many instances can be 


so chosen as to simplify the resultant expression. 

The scale line for the circle is any line drawn per- 
pendicularly to the line joining the center of the 
circle and the point on the circle corresponding to 
p = o. The intersections of the scale line, drawn 
in this manner, with lines joining points on the circle 
at which p is known and the point at which p = o, 
determine a linear scale of p on the scale line. Any 
line drawn from the point on the circle at which p = 
o to the scale line and intersecting the circle, con- 
nects corresponding values of p on the scale line and 
on the circle. 

The relationship between the scale line and the 
circle is illustrated in Fig. 2. Here the scale line is 
represented by PP’, drawn perpendicularly to the 
line CS... Lines drawn from S. to any points on 
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the circle, such as Sp and .Sj, fix the scale on the scale 
line. The scale then is extended linearly along PP’. 
Then any vector, such as OS;, represents the value of 
S in magnitude and phase for p = 5, since the line 
joining S.. and S; cuts the scale line at p = 5. 

These methods of drawing circular loci will now 
be applied to a resistance, inductance, and capaci- 
tance network, as shown in Fig. 3. The cross poten- 
tial will be evaluated as a function of the capacitance 
C. The constants of this network are 


Ze = Re 


Za=— Ra — = 
we 


a ULE D 
Zp = Ro 


Inserting these constants into eq 2, the midpotential 
becomes 


; eae 
(Re Egan) (Ri L) — RR, ie 


, 


Der) (R. + Re - a) 


we 


é 


Since C is now the scalar variable representing p 
in eq 3, the expression for potential in eq 14 must be 
reduced to an appropriate circular form with Cas a 
factor of a single term in the numerator and the 


denominator. Rearranging the terms in eq 14 
accordingly gives 

é RR. 
Aen Ree —j + Co (Rd - pe 


(15) 


ON Rear; fol a7 CaP ate Ra) 


Equation 15 is now a circle S in canonical form, mul- 
tiplied by a factor that has been taken out to simplify 
the component terms of the circle which are: 


Sh ie ea BAESS 3 = w(R. + Re) | (16) 
p-o(R- grit) 9 =e 

Then the cross potential is 

ia Ra + joL 

eaten me 
Thus the locus of e’ is obtained by multiplying the 


Ro + joL 
R, + RK, + jol 
and rotating the axes through an angle equal and 
opposite to the phase angle of the same factor. 
Substituting the various terms of eq 16 in eqs 10 
and 11, the radius of S becomes 


scale of S by the absolute value of 


oem ot eel (18) 


and the center vector 


1 
aera Ween? a 


The evaluation of 7 and ¢ allows the circle to be 
drawn in its correct position. To locate the scale 
line S must be evaluated for 2 points. Likewise 
S could be calculated for a third point to give 3 
points for the determination of the circle without re- 
course to eqs 18 and 19 for the radius and the center 


RR. 
Ra + joL 


(19) 


vector. Thus when C = 0, Sp = 1, and when C = o 
© ee! RETR: 
Se = eRe Bal 


It will become apparent from the numerical example 
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that follows, that the value of C for the third point 
may be so chosen as to render the calculation of S 
for that point quite simple. In fact, if R, has an 
appropriate value, so that the locus of e’ passes 
through the origin, then that value of C for which S 
is zero may be used conveniently. 

These results now will be applied to a numerical 
example. Suppose that it is desired to operate the 
network at 1,000 cycles per second and to have null 
potential across the midpoints for a particular 
value of the capacitance arm. The conditions for 
null cross potential for this network are 


Ry = —ReRoRe_ 
RR? + wl? 
R,? 4. w2L? (20) 
eR Rael 


The following constants will be employed: 


1b, SS OPM i0 

@ =) 1,130 ohms 
nei —— 2, 000.0hms 
Ra = 1,000 ohms 


The locus of e’ now will be determined as C varies 
from zero to infinity. From eqs 20 the potential 
across the midpoints will be zero when R, = 1,000 
ohms and C = 107‘ farad. Using these constants, 
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Fig. 4. Circular loci for circuit shown in Fig. 3 
showing variation of e’ with C, at constant frequency 
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These 3 values of S now may be used to determine the 
circle. The position of the center and the radius 
also may be checked by eqs 18 and 19 which give: 


ie —2,000 E be 2,000 i 
~ [2(2,000 + 1,000) 1,130 + 727 X 1,000 X 0.2870 
= 0.5658 
2,000 + 2,000 2,000 X 2,000 


1,130 + 727 X 1,000 X 0.2870 
3(2,000 + 1,000) 


= 0.5003 + j 0.2654 


The resultant locus for S is shown in Fig. 4A. To 
obtain the locus for e’, S must be multiplied by 


z eens = 0.5891/29.94° as shown in Fig. 
4B. The scale line then is drawn as previously 


described, using the points on S for C = 107 
and C = 0. The value of cross potential for any 
value of C now may be read directly on Fig. 4B. 
Variation of the magnitude and phase of the cross 
potential with capacitance is shown in Fig. 5. 

Any type of 4-arm network with constant coef- 
ficients, in which one arm varies at constant phase 
angle or along one of its components, may be treated 
exactly as in the foregoing example. 


NETWORKS AT VARIABLE FREQUENCY 


The expression for the cross potential of a 4- 
arm network when all the arms remain fixed and the 
frequency is varied, in many cases does not yield a 
single circular locus. It is necessary in each in- 
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stance to set up the equation for e’ in terms of the 
particular impedances at hand and then to rearrange 
the terms with respect to w with a view of reducing 
the expression to the canonical form of the circle in 
When only first powers of w occur, the entire 
process is exactly similar to the problem first studied, 
namely, the determination of e’ as a function of one 
of the network arms, with the exception that the 
frequency is treated as the scalar variable. How- 
ever, when second or possibly higher powers of w 
occur in the equation for e’, it is possible to resolve e’ 
into a sum of linear fractional transformations having 
circles for their loci. This particular method was 
developed by Hauffe (G. Hauffe, ‘‘Zur Theorie der 
Allgemeinen Ortskurven,” Elektrot. u. Masch.-Bau, 
v. 48, Jan. 19, 1930, p. 57-8) for the determination 
of loci of the simple series circuit, but, as will be 
shown here, the same treatment is readily applicable 
to the 4-arm network. 

Let it be assumed that the constants of the net- 
work are such that no powers higher than the second 


enter into the equation for the cross potential. Then 
the expression for e’ may be written as 

, _ 40? + Bo + C 

aot Dae ay 
in which A, B, C, D, and E are constants. Let the 


denominator be solved as a quadratic in w, giving, 
say, 2 different roots w; and we, which may be real 
or complex. The case involving equal roots will be 
treated later. 

Unequal Roots. Using partial fractions the cross 
potential is put into the form 


9 — AP se tees GE My 
oS ee arora ral 1 


wo — 
in which M,, M2, and MM; are constant terms free of 
w. Equating coefficients gives: M, = A, and M; 
and M; in terms of A, B, C, w, and w,. Since both 


of the last 2 terms of eq 22 contain only first powers 
of w, each may be reduced to a linear fractional trans- 


M; 


oO — We 


(22) 


formation having a circle for a locus. Thus 
e=A4+tS+5; (23) 
in which 
So = Me and S3 = Ms 

wo — a — We 


The potential existing across the network is seen now 
to be equal to a constant added to 2 circular loci. 
Equation 21 is a special form of the general frac- 
tional transformation of degree 7, where 1 is 2, and is 
known as a bicircular quartic. 

As an example of this type of problem, consider 
the same network as before, the various arms remain- 
ing fixed and the frequency varying from zero to 
infinity. Rearranging eq 14 according to descending 
powers of w we have 
REE : z w'Ra — 1 [z Eee Raha RR) | a fe 

jo[L ae C(Ra + Rv) (Re ae Ra) | ee, Ra se Ry 
4 CL (Re + Ra) CL (R. + Ru) 


This equation is not a circle, considering as the 
variable, since it cannot be reduced to the form of 
eq 3. If, however, the denominator of eq 24 be 


(24) 


, 


w? 
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Fig. 5. Variation of cross potential with capacitance 
for a circuit as shown in Fig. 3 having the following 
constants: 

EZ =0.2870h Ry, = R. = 2,000 ohms 

Ra = 1,130 ohms Ra = 1,000 ohms 


solved as a quadratic in w, the entire expression will 
break down into the sum of a constant term and 2 
circular loci as described. If the 2 roots of the 
denominator are not equal, they are 


Leen, _ ,(Ra + Bi) 
OUT UR MEERA) Ge ee eae RE. 
The cross potential then may be expressed as 

1 2R, — jo [ZL + C(RaRa— RoR.)] _ Ra 
Re Ra eee CL Chae 
oe — Je lh + C(Ra + Ro) (Re + Ra] _ __Ra + Re 

CL (Re + Ra) CL (Re + Ra) 
Te i (25) 
wo— a wo — we 


Equating coefficients of like powers of », 
IR a Bia ; 
onln Rd ty C (R. AF Ra)” 


Substituting for 1, Me, M3, 1, and w. in eq 25, the 
cross potential assumes the form 


jR 
M, — M, M; eee ey 


pe ae ea jRe i IR» 
Ret+Ra (Re+Ra)boC(R. + Ra) —j) wh —j (Ra + Ri) 
(26) 
Thus the cross potential 
eo = Si + So + Ss 
in which 
Si = _ Ree, So = — jRe , 
tReet Re? (Ro RD) [oC (R. + Re) — GT 
Kpeypeeses ES 
° ol — 7 (Ra + Rs) 
When w = wo, So = S3 = 0 
fe oes Ree 
When w = 0, Se — Rare a Rises 


For a numerical example, the same constants will be 
used as in the preceding example, maintaining C at 
10~7 farad, which gives null cross potential at 1,000 


cycles. Substituting these constants 
1,000 
ee (SOO 
Suet sGooct D000 sa 


For zero frequency 


2,000 —2,000 
(4 SS ee SS 5 vf =S ee hh —0.6389 
Pam ono 1000. we nt = 1180p 2,000 
At infinite frequency both S, and S; are zero. For 


the third point necessary to determine the circle 
take, for example, 1,000 cycles. Then 


—j 2,000 


St = 7900 + 1,000) [27 X 1,000 X 10-7 (2,000 + 1,000) — jf] — 
0.3124 /—62.05° 
S eas = 0.5536 /150.06° 


~ Or X 1,000 X 0.2870 — 7 (1,130 + 2,000) 


Using these values, the 2 loci S, and S; and the con- 
stant S, are plotted in Fig. 6. Scale lines are drawn 
for each of the circles and corresponding points on 
each circle are added together with the constant, 
giving the resultant cross potential across the net- 
work. 


Double Root. When the roots of the denominator 
are equal, the general quadratic form is written as 
the sum of several fractions, as before. 


o — Beh op 1a) oe © My, M; 


eae pe ¥ 


Clear 2p) 
Here the root is w. The first term on the right is 
a constant, equal to A, and the second term is a 
circle, as in the preceding example. If the third 
term be considered as the square of its square root, 
it then can be treated as the square of a circular 
locus, because the square root of the third term is a 


Oi— OG 


circle. Thus 
eo = Si + Ss + S;? (28) 
in which 
Si = A; So J Mr 21S = a Ms 

® — Wo (Oo! ee iY) 

1o 
Se w 
~ ral 
S is |FO 
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When the locus of .S3; has been determined, a number 
of points on it are squared, giving the bicircular 
quartic, S32. The locus of S;? then is added to 
(S, + S)) thereby giving the desired locus of e’. 

If the conditions for a double root be applied to the 
preceding problem, the coefficient M; will be found to 
be zero. Thus in this particular case the locus of the 
cross potential is a constant added to a single circle, 
the point S, for zero frequency being coincident with 
the point S, for infinite frequency. To illustrate 
the problem involving a double root, the network in 
Fig. 7 will be employed. It should be observed that 
with an inductance in the (a) arm, a capacitance in 
the (b) arm and resistances only in the remaining 
arms, the locus of the cross potential will not pass 
through the origin at any frequency. 

Referring to eq 2 the cross potential for this net- 
work becomes 


s . Re. 
(Ra + joL) Ra + j eC 


If all the resistances in the various arms are made 
alike and the equation rearranged according to de- 
scending powers of w, 


é (29) 


R 1 
7 ies, oe a 
Oe Sr 

R 1 


Np ea eee = 2== 
OS he at Ee 


x (30) 


Considering the denominator as a quadratic in wo, 
CK 


the roots will be equal when L = oe and the double 


root, wo is 7 as The cross potential then may be 


written as 
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He. 6. Circular loci for the 4-arm network shown in Fig. 3 as the frequency is varied; constants of the network are such 
that the equation for cross potential contains no powers of w higher than the second and the denominator has unequal roots 
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Fig. 7. A typical 4-arm 
network used to illustrate 
problem of variable fre- 
quency in which denomi- 
nator of equation for cross 
potential has equal roots 


Loci for 


Fig. 8 (right). 


1 y i © 
7] Y 
SCALE LINES FREQUEN 


IN CYCLES X 1|OO 


02 O4 5 
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circuit shown in Fig. 7 eee ots oe 
5k 1 Or i 
wo —jrw + — ee ei a mes 
8 Sosa oR epee reer a Ge Te eo , mi 
eee ee te Since the point for infinite frequency is at the origin 
and the point for zero frequency is at 7 and the center 
Equating coefficients is at 7/2, the circle is disposed symmetrically about 
1 4 the vertical axis. Furthermore from the value at 
M, = 9° Mz, = 0; M; = @R = w,? 


1 
Here, w, = —==, the angular velocity at which the 
eA pee ens 


reactances of the inductance and the capacitance are 
equal. Substituting these coefficients in eq 31 and 
noting that w) = jw, the cross potential becomes 


1 aE 
Vs ee Soa Tr 
4 -5+/|5] 


In this case the circle S. in eq 28 vanishes and the 


(32) 


potential is composed of a constant term added to 
the square of a circular locus, that is e’ = S; + S;? 
in which 

1 Or 
Si) = and Ss = 7 vial 


The critical points for S are: 


forw = 
forw = 


Haye (8) = py Sy) 


It is interesting to observe that the conditions for 
a double root coupled with equal resistances exercise 
such constraints upon the relationships among the 
network constants, that only one independent quan- 
tity w, appears in the expressions for the 3 points 
necessary to determine S;. The term 5S; is also free 
of the network constants for the above conditions. 
Thus a plot of the locus of (S; + .S;?) may be em- 
ployed for any combination of constants that satis- 
fies the equation 


pe 


G (33) 


Referring to eq 11 for the center vector, the center 
vector of S3 is 
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= G1 01 393 = sab: it may be seen that a line 


drawn at an angle of 45° in the first quadrant will 
intersect the circle at a point corresponding to a 


frequency at which » = 1/WLC. Hence a circle 
drawn through these points will be valid for any set 
of constants satisfying eq 33. It only remains to 
subdivide the scale line from w = 0 to w = wo, into 
suitable divisions. 

For example if for a network in which 


10-8 farad 
02533 h 


IG; => 
jena 
Heo ale = 318.4 ohms 


the circle be drawn as described, then the 45° line in 
the first quadrant will intersect the circle at a point 
corresponding to 


1 


reo 6,283 il 
os +/0.02533 X 10-8 or 1,000 cycles 


The locus of S; is drawn in Fig. 8. A few points 
on Ss, sufficient to give a smooth curve, are squared 
yielding S3;? as shown. The origin then is displaced 
by the vector S; and the locus of the cross potential 
is complete. This locus describes a path similar 
to the locus of potential obtained by Hauffe (Joc. 
cit.) for the potential across an inductance coil 
connected in series with a condenser. 

The treatment of cross current, that is, the cur- 
rents that would flow through an impedance con- 
nected across the midpoints, involves a study of the 
5-arm network. In numerous instances the cross cur- 
rent may be evaluated exactly as has been described 
for the cross potential in this paper. However, be- 
cause of the addition of the fifth arm, the general 
case is more complicated. The author hopes to 
treat the 5-arm network in a future paper. 


867 


Switching at the 


Hudson Avenue Station 


Part of a symposium on switching at modern 
large generating plants, this paper includes 
a description of the switching facilities at 
the Hudson Avenue station of the Brook- 
lyn (N. Y.) Edison Company. Operating 
experience obtained with the connections 
and equipment used also is given. 


Gee. facilities at the Hudson 
Avenue generating station of the Brooklyn (N. Y.) 
Edison Company had to be adapted to meet the 
particular requirements of a large generating station 
serving a metropolitan area having a load center 
close to the generating station. The exacting re- 
quirements of maximum reliability of service and 
the high cost of land available had a strong influence 
on the selection of the equipment and schemes to be 
used. 

The load conditions which affected the design of 
the Hudson Avenue station are described in this 
paper, and the fundamental scheme of connections 
which was adopted is described. The physical de- 
sign of the switching facilities and the actual equip- 
ment adopted is outlined, and those features which 
distinguish this plant from other large generating 
stations are pointed out. The control and relaying 
scheme used is described. The operating experience 
actually obtained at this station also is described 
in the paper, this experience covering the scheme of 
connections used, the equipment adopted, and the 
control and relay schemes used. Improvements 
which are now available and which might be used 
in future installations also are indicated. 


Loap CONDITIONS AFFECTING DESIGN 


The Brooklyn Edison Company serves the borough 
of Brooklyn, N. Y., having a total area of approxi- 
mately 80 sq miles, a net area served of 51 sq miles, 
a population of approximately 2,600,000, and a 
total coincident load of 323,000 kw. The load is 
largely residential, commercial, and small power, 
with no manufacturers using large, concentrated 
blocks of power such as are found in many heavy 
industrial areas. The load is fairly well diversified 
throughout most parts of the city, with the heaviest 
loads in the manufacturing and shipping areas along 
the waterfront and in the downtown Fulton Street 
area. All transmission above 5,000 volts must be 
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underground. Such conditions, and the fact that 
the generating station is located in the city and close 
to the load centers, placed upon the station switch- © 
ing many of the requirements of a substation and — 
precluded bulk power transmission. The life hazard 
and other hazards resulting from an extensive outage 
of power in a community containing such extreme 
concentration of population of heterogeneous char- 
acteristics put maximum continuity of service upper- 
most in the minds of the station designers. The 
high cost of land and foundations made a concen- 
trated design essential. 

In 1922, when the Hudson Avenue Station was. 
planned, the total load amounted to 140,000 kw, 
of which approximately one third was at 60 cycles, 
the remainder being either direct current or at 25 
cycles. The rapidity with which load was growing, 
about 14 per cent a year, and the inadequacy of the 
existing equipment made possible a combined new 
design of generating station and distribution system 
and the conversion of the old 2-phase substations and _ 
lines to the new 3-phase system. 

There was a 60-cycle station of 63,000-kw capacity ~ 
and a 25-cycle station of 125,000-kw capacity. 
Ties were provided between Hudson Avenue and this 
old 60-cycle station, and a 35,000-kw frequency 
converter provided an interconnection to the 25- 
cycle station. While it was believed that the 
general development of power supply in the metro- 
politan area would lead to interconnections with 
other stations, the new Hudson Avenue Station was 


‘designed to be the principal source of supply for the 


borough of Brooklyn, carrying as much of the 25- 
cycle load as could be done economically and safely, 
as well as the bulk of the 60-cycle load, without 
significant interconnections to other companies. 
The station was planned for 8 50,000-kw units and 
auto transformers, with all switching at 27,600 volts. 
ae completed, the 8 units installed totaled 770,000 
Ww. 


ONE-LINE DIAGRAM 


The switching arrangement (see Fig. 1) is so closely 
related to the distribution system plan that the 
latter must be outlined briefy. The 60-cycle system 
was designed to be supplied from substations, each 
provided with 3 or more 10,000-kva transformers 
supplied by similarly rated cables from Hudson 
Avenue, without high voltage switching at the 
substation, and with a spare transformer energized 
from a cable ring interconnecting the various sub- 
stations, switched at each station and supplied 
at one or more points by cables to Hudson Avenue. 
The 4,000-volt substation busses were sectionalized 
by circuit breakers and reactors, and the 27,000-volt 
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feeders were carried over different routes and sup- 
plied from separated busses at the generating station 
‘so that the simultaneous outage of 2 supplies to a 
substation could be practically relegated to the 
‘rare coincident but unrelated outages of 2 feeders. 
Such second contingency conditions could be met if 
necessary by temporary 4,000-volt feeder reconnec- 
tions. Later, direct supply to a low-voltage a-c 
network was developed and the same principle of 
diversified feeds was carried out. 

In view of the fact that each substation was always 
provided with sufficient feeders and transformers to 
carry its load at any time with one feeder out, and 
that cable repairs or changes take so long that ordi- 
nary circuit breaker maintenance can be done while 
the feeder is out for other purposes, it was believed 
that one feeder breaker per feeder at the generating 
station was all that would be required and the costs, 
complications, and hazards of the second breaker 
could be eliminated. As a means of providing a 
back-up protection in case of feeder breaker failure 
and as a means of selecting between at least 2 sources 
of power, 4 feeder breakers were connected to a small 
group bus which could be tied to either of 2 generators 
through 1 of 2 automatic selector breakers. As 
originally planned, 2 groups of 4 feeders each, 
totaling 80,000 kva in feeder capacity, were allocated 
to each 62,500-kva generator. As the size of the 
units grew, the increased outlet capacity was ob- 
tained by increasing the cable size from 350,000 
to 500,000 cir mils and by connecting 2 feeders to 
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Fig. 1. One-line diagram of 27-kv bus connec- 
tions at Hudson Avenue station, and typical system 
connections for supply to substations and to network 
Note diversity of supply to typical substation and section of 
the network. Ties to Hell Gate station are distributed 


among the feeder busses. The diagram shows the bus con- 
nections for all units operating 


1 feeder switch through non-automatic oil-immersed 
disconnecting switches. 

While the object was sought of keeping bus 
sections small with thorough segregation to minimize 
the effect of station failures, yet some tie capacity be- 
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tween sections was considered important, first to 
avoid the necessity of tying busses together and 
operating in few large sections when the number of 
units was small; second, to provide for load transfer 
within the station so that units might be operated 
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Fig. 2. Plan of typical section of switch gallery 


Each section of 8 feeder reactors, circuit breakers, and associ- 
ated bus and generator breakers is in a separate, fireproof 
room 


for best economy without excessive unbalance of 
load and voltage on feeders; and, third, to provide 
a back-up supply of energy to all feeders so that the 
loss of a unit would have the minimum effect on any 
load. This was accomplished by connecting the 
generator busses through 10 per cent reactors and 
circuit breakers to a tie bus or “synchronizing bus’’ 
as it has been called. The synchronizing bus was 
built in the form ofa ring and was provided with 
automatic sectionalizing breakers between each 
connection from a generator, so as to minimize the 
effect of a failure. The complete bus scheme is of 
the star design rather than the completely isolated 
or ring bus design. There are various advantages 
and disadvantages of the star bus as compared with 
the ring bus design, but probably the controlling 
factors in the selection of the star bus were the some- 
what greater facility of maintaining small bus sec- 
tions regardless of the number of units running, 
perhaps a little simpler relaying, and the fact that 
inherently there are at least 2 breakers between every 
feeder bus section so that the failure of any breaker 
will not affect more than one feeder bus section. 
Some changes in connections were made necessary 
due to the fact that. the station was planned for 8 
50,000-kw turbines, but when completed there were 
installed 3 50,000-kw, 1 80,000-kw, 2 110,000-kw, 
and 2 160,000-kw units. These changes consisted 
essentially in reconnecting the 4 smallest machines 
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into 2 groups of 2 units each, making use of the 
double-winding principle in the autotransformers of 
the 2 largest units and connecting one half of each 
of these units in the positions originally assigned to 
them and the other half in the positions released by 


Fig. 3. 


Photograph of 27-kv feeder circuit breaker 
installation 


All 27-kv automatic breakers are of the disconnecting type 
supported on steel frames. Busses are insulated and barriers 
surround the disconnecting devices of the breakers. Doors 
between fireproof rooms were opened for taking of photograph 


the transfer of connections of the second and fourth 
units. As compared to single winding units con- 
nected as originally planned this arrangement 
reduced the maximum short-circuit currents, made 
the generating capacity on each bus section more 
nearly uniform, and so distributed the connections 
of the 2 most economical machines among the busses 
that switching arrangements could be made under 
various conditions of load to permit their carrying 
their proper load with a minimum transfer through 
the synchronizing bus and reactors. The number 
of synchronizing bus sections was reduced to provide 
the additional generator breaker positions. In Fig. 1 
is indicated the bus arrangements and _ typical 
connections to a substation, and a small section 
of the network. Obviously, some bus, breaker, 
and reactor current-carrying capacities had to be 
increased. 


PHYSICAL DESIGN AND EQUIPMENT 


In the endeavor to reduce the likelihood of acciden- 
tal contact and failure, and to limit the extent of the 
failure should one occur, exposed live parts were 
eliminated as far as practicable. This seemed par- 
ticularly desirable in view of the fact that the operat- 
ing voltage is 27,600 volts, each generator feeding 
directly into a bank of Y-Y connected autotrans- 
formers with neutrals solidly grounded without any 
intervening switching. The synchronizing bus con- 
sists of lead covered cable, looped from one circuit 
breaker to the next, terminating at each end in a 
pothead forming part of the stationary contact of 
the circuit breaker. The busses connecting the 
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generator switches, selectors, feeder switches, and 
reactors consist of short sections of factory in- 
sulated copper rod or tubing with taped joints 
supported on 37,000-volt insulators. The insula- 
tion is of the “herkolite’” or ‘“‘micarta” type. The 
same material is used to form shields which sur- 
round the bushings and disconnecting contacts 
of the elevating-type circuit breakers. The early 
feeder and ‘generator’ reactors were of the bare 
copper concrete type but the later ones have all 
been provided with turn insulation. These are 
completely separated from the rest of the circuit 
breaker room by asbestos board barriers, except 
for small, screened ventilating openings, and as- 
bestos board partitions are between the reactors. 
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Fig. 4. Cross section 
of 27-kv switch gallery 
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The switch gallery is built 
on the vertical isolated 
phase principle. Cables 
are lead covered in ducts 
imbedded in concrete. 
Phase isolation is main- 
tained from generator to 
ground and test switches 
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Autotransformers, reactors, breakers, and insula- 
tors were designed for an 81-kv test voltage. The 
factory insulated bus copper was given a 58-kv 
test and, in addition, is supported on insulators. 
The smaller cables have the same insulation used 
in the distribution system and are designed for at 
least 29-kv operation. The 1,500,000 and 2,000,000 
cir-mil cables have a minimum of 375 mills paper 
insulation instead of a minimum of 328 mills as 
used in the 350,000 and 500,000 cir-mil sizes. As 
in the street work, insulation thickness has been 
somewhat decreased as improved cable became 
available. 

The switch house is built on the vertical isolated 
phase principle with each generator switch and its 
associated selectors, breakers, synchronizing bus 
breakers, 2 groups of feeder breakers and reactors 
in a separate room with swinging, fireproof doors 
between rooms. In Fig. 2 is indicated the physical 
arrangement of one of these rooms, and a view inside 
these rooms is reproduced in Fig. 3. A cross section 
of the 27-kv switch gallery is shown in Fig. 4, and 
the feeder reactor installation is illustrated in Fig. 5. 
Ventilation is secured by ducts rising from the 
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ground floor, discharging under the reactors, picking 
up again above the reactors and discharging above 
_the roof. There is a separate air duct for each 
phase of each group of reactors. Small screened 
openings top and bottom in the reactor barriers 
permit some air to by-pass through the open portion 
of the room. 

The circuit breakers are of the General Electric 
K-130 elevating type, of 600, 1,200, 2,000, and 
3,000-amp capacities. The 600-amp feeder breakers 
have an interrupting rating of 500,000 kva and are 
of the plain break construction, while all others are 
rated 1,500,000 kva and are equipped with explosion 
chambers. In Table I are shown the breaker ratings 
and the duties that may be imposed on them in ac- 
tual operation. The breakers are supported on steel 
frames hung from the building steel, the frames 
for all breakers being of the same dimensions, so 
that breakers of all ratings are interchangeable. 
Screw shafts operated from the mechanisnis on the 
floor above the top breakers raise and lower the 
breakers between the operating and disconuect 
positions and also still further lower the tanks for 
maintaining oil and breaker parts. There are no 


Table I—Oil Circuit Breaker Current Carrying and Interrupting 
Ratings and Duties, Hudson Avenue Station 


Thousands of Kva 


Amperes Interrupt- 

Current Duty ing Interrupting Duty 
Circuit Current Original Rating Original Present? 
Breaker Rating Plan Present 2-0CO Plan’ Equipment 

Cycle 

SHIGECLET eae cenetsl yy uses wisi sre 6001 300 600 500 250.... 4802 
ECCT sa: oiis Jal. le eleuetetnen LOOPS ae we facet S25 pal OOS ae eeareeiberece.s 1,6003 
IO LECtOL es rcs asi eviers 15200F 215200 1,200....1,500.... 850.;..1,500 
WIGLECLOG Meira rexst mn athe DOOO meee nih se snctars ZOOO Ts sIS5 OO EE varersteve t oter 1,700 
Genera toes Ac.scien. sii 2,000 1,310 1,810;..51,500...... 500;...1,050 
Generator... cl. 5.- i-s3- SOOO. eteycegatcrerse wi 2 S80h see DOOr. «estes ese.6 975 
ROVTUS ES WS lereye ea 'sss cheeses 8,000 ... .2,4004....3,000....1,500....1,600....1,600 
Sheek; LYE) SBR aeaiatee 3,000 2,400 ....3,000....1,500....1,600... .1,600 


1. Contacts rated 600-amp were the smallest advisable for 500,000-kva breakers 
2. The increased duty on feeder breakers is due largely to larger feeder reactors 
having less impedance than original 300-amp reactors 

3. Due to short time settings for certain tie feeders permitting feeder breakers 
to interrupt faults in feeder reactors 

4. Two feeder groups of 1,200 amp each 

5. Basis of calculation: All generators running at full rated load; all ties with 
other stations connected; decrement of fault current taken into account 

6. As if for 8 50,000-kw generators, with all synchronizing bus ‘switches 
closed 

7. Maximum duties for station as actually completed, with generators totaling 
770,000 kw, and with the synchronizing bus operated in 2 sections. Substantial 
reduction of these duties can be accomplished by further sectionalizing the 
synchronizing bus, and reduction also does accompany the normal operating 
condition with less than full rated load on the station 


barriers between breakers within a building sec- 
tion as it was believed that the proximity of ample 
grounded steel would confine an arc to a short local 
path, and the practical elimination of exposed live 
parts would prevent the flashover of other circuits 
due to ionized gases. The whole construction pre- 
ceded the introduction of metal-clad switch gear into 
this country, but is quite similar to some of the 
later designs except that the grounded metal cover- 
ings of the barriers around the disconnecting con- 
tacts and some of the busses are omitted. 

Each feeder is provided with a permanent oil- 
immersed metal-clad ground and test switch by 
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which the feeder may be connected to either ground 
or the test bus. An installation of these switches is 
shown in Fig. 6. The test bus may be grounded 
through an oil circuit breaker of proper closing 
characteristics to ground a feeder successfully 
even though alive from backfeed. The ground and 
test switches for the bifurcated feeders also have 
disconnecting switches built into them so that either 
branch may be disconnected and grounded or 
tested while the other is in operation. As these 
disconnecting switches are not suitable for opening 
under load, the feeder breaker is always opened 
and the circuit grounded before a branch of the 
feeder is disconnected or connected, and the feeder 
then restored to service. 


CONTROL AND RELAYING 


Switching and generator control is effected at 
unit-type steel control cubicles, one for each genera- 
tor and one for each associated section of feeder 
breakers and selector breakers. (See Fig. 7.) This 
arrangement was an endeavor to reduce the likeli- 
hood of operating error by making the control units 
distinct and has proved to be very satisfactory. Itis 
also believed that a control wiring fire would not 
spread beyond the one unit. Lead-covered multi- 
conductor control cables are installed in ducts 
throughout, except as flameproof single-conductor 
wires are required within control cubicles or switch 
mechanisms. 

Voltage and frequency are hand controlled. A 
bell alarm and indicating lights immediately call 
the operator’s attention to the automatic tripping 
of a breaker, and balanced current relays on the 2 


Feeder reactor installation with aisle barriers 
removed 


Fig. 5. 


Asbestos board barriers are between reactors and completely 
separate reactors from the aisle. These latter barriers, which 
have been removed for the photograph, cannot be opened 
unless the feeder breaker is open and the circuit grounded 


branches of the bifurcated feeders indicate on which 
of the 2 branches the fault occurred. 

A schematic diagram of relay protection on a 
typical section of 27-kv bus is given in Fig. 8. 
Feeder breakers are protected by induction type 
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overcurrent relays energized from bushing current 
transformers in the circuit breakers, and such feeders 
as are not tied directly to another high voltage 
grounded circuit are also protected by ground relays. 
The selector breakers are equipped with induction 
overcurrent relays having characteristics and settings 
such that they will back up the feeder breaker and 
trip if the latter fails to trip a feeder short circutt, 
but will trip ahead of the feeder breaker in case of 
feeder reactor failure. Each section of the syn- 
chronizing bus is relayed differentially and is backed 
up by overcurrent protection on the breakers be- 
tween the synchronizing bus and the generator or 
so-called H bus. The generators and autotrans- 
formers are relayed differentially as a unit and in 
addition, all units except the last 2, which have 
double winding autotransformer operation, are 
equipped with current balance relays on the parallel 
windings. 


OPERATING EXPERIENCE 
WITH THE SCHEME OF CONNECTIONS 


While Hudson Avenue Station was originally 
designed for feeding substations and without any 


Fig. 6. Double ground and test switch installation 


Each feeder may be connected to a metal-clad test bus or 

grounded by a permanent ground and test switch. The 

switches for the bifurcated feeders also include disconnecting 
features for each branch of the feeder 


major ties to other 60-cycle stations, it has fitted in 
with the changed methods of distribution in a very 
satisfactory manner. The direct supply to the 
low-voltage a-c network has become the major 
method of distribution, and ties with the Hell Gate 
station of The United Electric Light and Power 
Company were a significant item in the selection 
of the later large-sized units and will become in- 
creasingly important as the loads in the territory 
develop. 

The supply to the network has been secured follow- 
ing the same general principles used in feeding the 
substations; that is, feeders closely adjacent in 
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a network area are connected to separated busses at 
the generating station, except that 2 feeders supply- 
ing a single street and subject to the same exposure 
by reason of being in a common duct bank may 
originate from a common bus. The supply to the 
network has introduced new problems, such as the 
necessity for closer voltage control and for main- 
taining minimum phase angles between bus sec- 
tions. The direct supply to the network through 
feeders from the generating station without feeder 
regulators has placed the burden of voltage regula- 
tion on the station. This has been met by installing 
larger and more accurate generator voltmeters and 
varying the station voltage with load according 
to a voltage schedule. It has been possible to 
maintain a better average and a narrower range of 
delivered voltage than is received from the radial 
system with individual 4,000-volt feeder regulators. 

The low-voltage network forms a low voltage tie 
between generating station bus sections which limits 
short circuits on it to such comparatively small 
magnitudes that they have little or no effect upon 
generating station operation. It might appear, 
therefore, that the network would furnish the tie 
between station units necessary for synchronizing 
and load transfer purposes and complete isolation 
between units within the station might be obtained. 
However, the network has certain characteristics 
which make load transfer facilities at the generating 
station even more desirable than when the latter 
feeds only distribution substations. The impedance 
between units feeding the network is not uniform, 
varying from a minimum where 2 or more network 
units are connected to a customer’s bus, to a maxi- 
mum where units are several blocks apart. As the 
transformer units are small compared to the feeder 
capacity, the circulating currents through some 
units, due to small differences in bus phase angle 
or voltage, may be out of all proportion to those in 
the feeders as a whole. As a result, advancing the 
phase angle of a bus section may load up a few net- 
work units, even with all feeders in service, before 
the total load transfer through the network becomes 
appreciable. The large number of small trans- 
formers closely related to local loads, connected to 
each feeder, requires that the feeders be out of 
service frequently for maintenance and construction 
purposes, with the result that scarcely a day goes by 
when one or more feeders from a station supplying 
75 or 100 are not out of service. As the loadings 
on a few transformers adjacent to feeder that is 
out may be the limiting feature in load transfer 
through the network, the spare capacity installed in 
transformers and feeders for these so-called con- 
tingency conditions rarely can be used for load 
transfer purposes. It is desirable, therefore, to 
keep phase-angle differences between busses small, 
generally within about one degree. The transfer 
capacity of the synchronizing bus and the ability 
to connect each feeder group to either of 2 generators 
have made it possible to adjust the number of 
operating machines and their loadings for best 
economy consistent with proper running reserve and 
still keep the phase differences between busses within 
0.5 deg most of the time. 
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When the connected station capacity is approxi- 
mately 400,000 kw or more, the synchronizing bus 
is operated in 2 sections so as to keep possible short- 
circuit currents within the break ratings. The 
synchronizing bus is sectionalized in such a way that 
one or both of the 2 large units are connected to both 


Fig. 7. Control room 


Segregated steel control panels are installed for each gen- 
erator and each section of feeders 


sections, thus tying them together through the 
impedance of the double-winding autotransformers. 

The double-winding principle and the spreading 
of the connections of the 2 160,000-kw units through 
the bus have been very helpful in maintaining proper 
voltages and phase angles in spite of the relatively 
large proportion of load carried by these units. 
Some further improvement might have been made by 
interchanging the connections of No. 6 unit with the 
nearest connection of No. 7 unit, thereby making 
it possible to connect all bus groups directly to one 
or the other of the 2 largest units (see Fig. 1), but 
it was believed that the gain would not be sufficient 
to warrant the added expense and complication. 
Somewhat closer regulation of voltage and phase 
angles might be obtained by making the connec- 
tions to the synchronizing bus through autotrans- 
formers, or windings in the generator autotrans- 
formers, equipped with load-ratio control. Experi- 
ence to date indicates that this is not necessary 
where there is some flexibility in connecting feeders 
to machines. 

Some thought has been given to the possibility 
of eliminating the synchronizing bus entirely and 
thereby securing even greater segregation and reduc- 
tion of short-circuit currents. This could be accom- 
plished by providing adequate transfer facilities so 
that feeders could be switched among machines to 
secure the desired loadings on each unit. Such a 
scheme might involve extensive switching equip- 
ment and operations where the station is designed 
with many small bus sections, with the associated 
increased costs and hazards, and would lose the ad- 
vantages of a back-up supply for all feeders in case 
of loss of a generator. The loss of a heavily loaded 
generator to which many feeders were connected, 
and the transfer of load to a lightly loaded generator 
to which few feeders were connected, might set up 
serious load and voltage disturbances in the distribu- 
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tion system until feeders could be transferred to the 
new source in the station. 

The synchronizing bus or tie bus also furnishes an 
excellent point for connection of any large station-to- 
station ties in that it can deliver power from or 
receive power into the station with a minimum 
unbalancing of the loadings or phase angles of in- 
dividual feeder bus sections. At the Hudson Avenue 
Station, the frequency changer tie to the 25-cycle 
system is made on the synchronizing bus, but the 
various ties to the 60-cycle Hell Gate Station and 
system of The United Electric Light and Power 
Company are at present distributed among the 
various feeder sections. These ties are in a state of 
transition and at present consist of 2 40,000-kva 
27-kv ties with load-ratio control for ordinary load 
transfer purposes. These are operated to keep the 
busses of the 2 stations in phase with each other re- 
gardless of the load transferred across these ties. In 
addition, there are 10 27-kv so-called “‘tapped ties’”’ 
without load-ratio control between Hudson Avenue 
and Hell Gate, and 2 27-kv feeders from Hudson 
Avenue that are tied to 13-kv feeders from Hell Gate 
by means of autotransformers in substations of the 
New York and Queens Electric Light and Power 
Company. These ‘“‘tapped ties’ average about 
15,000-kva capacity each and are used to feed net- 
work and substation load in Brooklyn and Queens. 


RELAY 


27.6-KV 
FEEDER 


Fig. 8. Schematic diagram of relay protection on 
a typical section of 27-kv bus 


In general, back-up protection has been provided, so that if 
one breaker or relay fails, the next in series will trip 


They are not used normally for load transfer pur- 
poses because they feed into networks also supplied 
by radial feeders from the generating stations, and 
forcing load from one station toward the other would 
produce bad load distribution between transformers 
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fed from the ‘‘tapped ties’’ and those from closely 
associated radial feeders. 

There are 12 27-kv 15,000-kva feeders which 
energize 13-kv feeders in lower Manhattan through 
autotransformers. These feeders supply substation 
and network load which also is fed by cables from the 
Hell Gate station. Here again there is no attempt 
to shift the load from one station to the other 
through the network because of the bad loading 
conditions that would result. However, the ‘‘tapped 
ties’ through Queens and the “secondary intermesh”’ 
in lower Manhattan, as the installations are called, 
furnish added synchronizing power and stability be- 
tween the stations and could be used for power trans- 
fer purposes during an emergency. These advan- 
tages were secured at little cost under present load 
conditions, but as the loads increase, and additional 
power transfer is needed or becomes economical 
under normal conditions, there will undoubtedly 
be some changes from the present connections. 

The small bus sections have worked out splendidly. 
Such bus faults as have occurred have been cleared 
quickly and affected but a few feeders and have not 
affected any customer beyond the momentary dip 
during the failure. The single breaker per feeder 
and the 4 feeder breakers per 2 selectors have met 
all requirements. It has been possible to do practi- 
cally all feeder breaker maintenance when the feeder 
was necessarily out for some other purpose. This 
is a little more difficult to accomplish when there 
are 2 feeders bifurcated on one switch, but it is 
usually possible to so schedule the outages of the 
2 branches that an additional outage for circuit 
breaker maintenance is not necessary. The small 
sections of busses make it possible to clean them at 
times of light load when the outage of the 4 or 8 
feeders, as the case may be, to separated sections of 
the load is not objectionable. 


OPERATING EXPERIENCE WITH THE EQUIPMENT 


The general principle of eliminating air as insula- 
tion in the 27-kv equipment has been most successful 
and it would appear desirable to carry the prin- 
ciple as much further as can be done without intro- 
ducing more objectionable features, or too great a 
cost. With the exception of 1 or 2 porcelain bushing 
failures (not a part of the main bus or breaker equip- 
ment) the few failures which have occurred have 
been due to foreign material causing a flashover in air 
insulation. These have been a few feeder reactor 
failures at times of feeder short circuits due to foreign 
material in the windings, one being due to a rat 
finding a small opening and trying to climb a re- 
actor insulator. In none of these cases was there 
any spread of the trouble. A serious reactor faiiure 
took place in the early days before the barrier in- 
stallation was completed when one of the large 
reactors in a generator connection to the synchroniz- 
ing bus was flashed over, probably due to being 
touched with a wooden scale, and badly burned. 
This spread to one adjacent feeder reactor and 
blistered and scorched some of the bus insulation 
and breaker disconnecting contact barriers but 
caused no other damage. 
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The most serious failure took place recently when 
apparently an over ambitious workman got some 
foreign material through the opening in the discon- 
necting contact barrier while a generator circuit 
breaker was down for maintenance. The flashover 
of the live bus insulator set fire to the protecting 
barrier and bus insulation and to an oil filter press 
standing below, and most serious of all, resulted in 
the only electrical operating fatality of the station. 
Enough soot from the burning insulation and oil 
deposited on other insulators, even through the 
small openings where the breaker bushings project 
into the barriers, so that one feeder breaker’s sta- 
tionary bushing arced over about 15 min later, but 
did not result in any fire. The readiness with which 
the insulation material burned and the fact that so 
much soot found its way into the breaker disconnect- 
ing contact bushings within the room, was somewhat 
disappointing. 

The results of the failures as contrasted with 
failures involving live parts in older cell-type breaker 
and bus construction, even at 6,600 volts, has 
demonstrated the superiority of the later construc- 
tion. Metal-clad switch gear which was not avail- 
able when the station was built goes a step further, 
but also has its own disadvantages. It is doubtfut 
whether metal-clad switch gear would have pre- 
vented this failure, and it is quite possible that the 
failure of the stationary disconnecting bushing 
would have released and ignited oil resulting in a 
more serious fire. The closer fit around the dis- 
connecting bushings might have prevented the. 
dangerous deposit of soot on the bushings of the 
other breakers. On the other hand it would be 
more difficult to cut clear damaged equipment to 
restore service and the larger amounts of inflammable 
oil or compound which might be released by a 
failure would introduce some additional fire hazard. 
However, it is believed that the complete surround- 
ing of high voltage parts by grounded metal is a 
step in the right direction in reducing risks of failures 
and preventing the spread, should a failure occur. 
It is to be hoped that advances in designs and mate- 
rials will bring equipment that can be cut clear 
more readily if trouble occurs in any part and will 
reduce the fire hazard of inflammable materials. 
Metal-clad reactors were studied for the latter part of 
the station, but cost, losses, space, and oil fire hazard 
brought the decision to continue the station with 
the open concrete core reactors having turn insula- 
tion instead of the earlier bare conductor type. 

The breakers themselves were put into operation 
and have been maintained with comparatively little 
difficulty. The screw elevating and disconnecting 
features, such as have now become common on some 
metal-clad designs, have been highly satisfactory. 
The clamping and interlocking can undoubtedly be 
simplified and cheapened in cost, but the operation 
has been entirely satisfactory. As compared with a 
group of 7 33-kv metal-clad switch gear units in a 
substation of the company, for which there is one 
movable elevating platform, the built-in elevating 
features of the Hudson Avenue breakers is much 
safer and the speed with which a breaker may be 
lowered for disconnecting purposes, or raised and 
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restored to service, is particularly valuable where 
feeders must be disconnected fairly frequently. 
There have been a few cases of internal flashover of 
breakers in substations having the same design 
as the feeder breakers except for truck mounting. 
Tests indicate that this possibility can be removed 
by slightly internal barrier changes and additions. 
This will probably be undertaken although there 
have been no generating station breaker troubles. 
Some studies have been made looking toward the 
increase in interrupting rating of the bus breakers 
by installing oil blast features in place of the explo- 
sion chambers. This is not necessary now but may 
be undertaken later to increase the margin between 
breaker rating and possible short circuits when 
load conditions require more machine capacity 
on the bus and greater interstation tie capacity. 
(See Table I.) 

The ground and test facilities have been decidedly 
valuable in making it possible to ground or test a 
feeder promptly and safely. The separate ground- 
ing breaker, designed to be able to close onto a short 
circuit, has been used to ground a feeder and force 
out a network switch which failed to trip on cable 
charging current, or transformer exciting current. 
Somewhat faster and more satisfactory operation 
would be secured if the double ground and test 
switches used on the bifurcated feeders, were ca- 
pable of opening or closing load current at full volt- 
age so that it would not be necessary to deénergize 
and ground both branches before one branch can be 
connected or disconnected. However, the need 
for placing the double ground and test switch in the 
space provided for a single switch made it impossible 
to provide such a design. It is not believed that the 
ability to clear or restore one branch of a bifurcated 
feeder without the necessity of killing and grounding 
the whole circuit would justify any very expensive 
refinements. 

The precautions taken in the building construc- 
tion to prevent a failure spreading from one phase 
to another, or from one section to another, have 
been entirely successful at least as far as any failures 
to date are concerned. They have, however, made 
adequate ventilation more difficult. There is some 
condensation under certain atmospheric conditions, 
and in a new station it would be desirable to provide 
facilities for more rapidly clearing out smoke should 
a fire occur. Perhaps by the time the next station 
is built satisfactory breakers without inflammable 
fluids will be generally available. 


CONTROL AND RELAY OPERATION 


The general control system has been as satisfactory 
as anticipated. The principle of keeping the number 
of instruments, control devices, etc., to the minimum 
really necessary for operation, and have those stand 
out clearly as well as have each panel distinct, 
has aided operation. As an aid to general system 
load dispatching, remote load indicating and totaliz- 
ing equipment is now being installed to give the 
load of the principal stations of the Consolidated 
Gas system in the central system operators’ room. 

Some study has been given to the advisability of 
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adding automatic voltage control, or at least an 
automatic means of rapidly increasing excitation 
in emergency, but these studies and experience in- 
dicate that the load and generator characteristics 
are stable at present. The most trying of these 
experiences have been the loss of field on the most 
stable unit in operation at the time, the pulling out 
of step of the least stable unit, and the sudden trip- 
ping out of a 110,000-kw unit due to flashover of 
its terminals when a cooling radiator sprang a leak. 
In all cases the remaining units stayed in step and 
while the voltage dropped momentarily, approxi- 
mately 60 per cent in the worst case, it was immedi- 
ately restored. 

Some improvements in feeder relaying might be 
secured by installing the current transformers 
beyond the reactors rather than in the breaker bush- 
ings. This would permit faster feeder relay settings 
by avoiding the necessity of a time differential 
between the feeder and selector breakers in case of 
reactor failure, and would have avoided the pos- 
sibility of a feeder breaker attempting to open a 
reactor failure in case of improper timing of relays or 
breaker tripping. The faster feeder breaker opera- 
tion was not an advantage when the system was 
designed due to the necessity of selecting with sub- 
station breakers and at present would be advan- 
tageous only on purely network feeders. The in- 
stallation of bushing current transformers in the 
breakers of the single branch feeders probably made 
a safer and certainly a much cheaper installation 
than would have been secured by cutting into the 
lead-covered feeder cables and installing separate 
current transformers. A change might have been 
made when the double ground and test switches 
were installed by using bushing current transformers 
in them, but it was believed that the cost of making 
the changes could not be justified by the improved 
operation. 

Relaying has functioned well. Such failures as 
have occurred have been cleared with a minimum 
disturbance to the system. The results are a vast 
improvement over our old stations operated in 1 or 2 
solid busses. 


CONCLUSION 


The station was designed as part of a definite 
distribution system, adapted to equipment and 
devices available at the time. There were com- 
promises between cost and a closer approach to 
technical perfection, and choice often had to be 
made between the advantages and limitations of 
one design and somewhat different advantages and 
limitations of another method. But such is always 
an engineer’s job. The station has operated with a 
high degree of continuity of service and safety to 
personnel. A review of the experience with this 
station leads its designers to look with favor toward 
even greater simplicity and approach toward the 
unit principle. It is hoped that its design was a 
small step forward, and that the results of its design 
and operation may prove helpful in the planning 
of later station control schemes and equipment that 
have and will come after it. 
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Attenuation and 
Distortion of Waves 


The conventional theory explaining the 
attenuation and distortion of traveling 
waves is not adequate to explain many 
peculiarities found to exist in such waves. 
In this paper there is developed a multi- 
conductor multi-velocity theory of travel- 
ing waves which more completely explains 
wave behavior. The conventional travel- 
ing wave theory is shown to be a special 
case of this more general theory. 


By 
L. V. BEWLEY 


ASSOCIATE A.1.E.E. 


General Elec. Co., 
Pittsfield, Mass. 


Gist. ray oscillograms of ar- 
tificial lightning surges on transmission lines show 
many peculiarities which cannot be explained by 
conventional traveling wave theory. Some of these 
are: (1) The attenuation is much greater than can 
be accounted for by the losses, and is less for a surge 
on all the conductors of the system than for an equal 
surge on only one of the conductors, (2) as a surge 
travels along a line a pronounced step may develop 
in the wave front while (3) a loop of reversed polarity 
appears at the front of waves induced on adjacent 
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conductors, (4) the attenuation is much greater for 
the inducing wave than for the induced wave, so 
that eventually both waves become substantially 
equal, (5) flat spaces develop on the tail of the surge, 
(6) the aggregate velocity of waves may be much less 
than that of light, (7) the coupling varies greatly 
with distance traveled, (8) voltage and current 
surges become dissimilar in shape, and (9) the steep- 
ness of the wave front may apparently first decrease 
and then increase. 

These and many other facts follow as a natural 
consequence of the multi-conductor multi-velocity 
theory of traveling waves developed in this paper. 
It is shown that attenuation and distortion are 
largely due to these multi-velocities rather than en- 
tirely to losses as generally supposed. These multi- 
velocities are called into existence by either or both 
of 2 effects: (1) Zero potential planes for the elec- 
trostatic and electromagnetic fields are at quite 
different depths below the ground surface, and (2) 
effective conductor radii are different for the 2 
fields on account of the corona envelope. In the 
light of this theory distortion becomes a compara- 
tively simple concept, and such things as the reason 
why chopped waves attenuate much more rapidly 
than long waves becomes obvious. Open end ad- 
jacent conductors no longer merely “‘float’’ in the 
field of inducing waves, but give rise to powerful and 
unexpected reactions. The conventional traveling 
wave theory is a special case of this more general 
theory and may be delimited by it. In most prac- 
tical applications the old theory suffices. 


CONVENTIONAL THEORIES REQUIRE MODIFICATION 


It is ordinarily supposed that the attenuation and 
distortion of traveling waves are the direct result of 
energy losses. Conventional transmission line 
theory based on a single conductor and fixed con- 
stants R, L, C, and G will yield no clue to the mecha- 
nism of attenuation and distortion, except for the 
effect of the losses as represented by the series re- 
sistance R and shunt conductance G. Attempts 
have been made to include skin effect in the calcula- 
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of corona, but these efforts have led to great mathe- 
matical complication, and they have failed to account 
for the peculiar distortions observed with impulse 
traveling waves on transmission systems. More- 
over, the attenuation chargeable to such energy loss 
is far too small. When the single conductor theory 
is abandoned for the more complex multi-conductor 
theory based on all waves having the velocity of 
light'**° the results continue to be disappointing; 
for the linear nature of the equations compels all 
waves induced on adjacent conductors to be exact 
replicas of the parent wave, which is quite contrary 
to the observed facts. Apparently then, the con- 
ventional theories require some radical modification 
to agree with the facts. It is the object of this paper 
to present such a modification, and to show that on 
a multi-conductor system the waves move at dif- 
ferent velocities, and a large part of attenuation 
and distortion is due simply to these differences in 
velocity. Furthermore, these differences in velocity 
have nothing to do with energy losses. Bekku 
and Satoh have shown the presence of algebraically 
different velocities on the completely transposed 
single and double-circuit 3-phase lines.2? However, 
they calculated these algebraically different veloci- 
ties all to be equal numerically to the velocity of 
light. It has further been shown that, in general, 
there can exist simultaneously on an n-conductor 
system waves with n different velocities of propaga- 
tion.*>® But in the case of overhead conductors 
these different velocities all become equal to the 
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velocity of light, provided that the radii of the con- 
ductors and the zero potential plane are the same for 
both the electrostatic and electromagnetic fields. 
This paper shows that this proviso is untenable in 
many cases; particularly with respect to attenua- 
tion, distortion, and coupling. 


TyPpIcAL IMPULSE TESTS ON TRANSMISSION LINES 


During the summers of 1930 and 1931 an interest- 
ing series of experiments was conducted on the S 19 
line of the Consumers Power Company and reported 
in several A.I.E.E. papers.”® In Figs. 1, 2, and 3 
are shown the attenuation and distortion experienced 
by the main, or parent surge impressed on one con- 


1. For all numbered references see list at end of paper. 
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ductor, as well as that experienced by the accom- 
panying surge induced on an adjacent conductor.® 
There are 6 points of particular interest disclosed 
by these oscillograms: 


1. As the main surge moves along the line it acquires a pronounced 
step inits front. That this cannot be due to corona is evidenced by 
the fact that it is present even when the wave is definitely below the 
corona level. 


‘DISTANCE FROM GENERATOR IN MILES _ 
ee ee 


hides: 
Waves A, B, |, J, and L applied to one conductor only; waves C, D, 
and N applied to 3 conductors 


Attenuation of traveling waves 


2. As the induced surge moves along the line it acquires a pro- 
nounced loop of reverse polarity at its front. This loop cannot be 
due to corona, for it develops even when the main wave is far below 
the corona level, and for a positive wave—which causes a greater 
ainount of corona—the loop is smaller, or may actually disappear. 


3. Both the main and the induced surge become elongated with 
travel, but the main surge is attenuated much more than the in- 
duced surge; so that eventually they are of practically the same size. 


4. Short surges, such as those chopped by an insulator flashover, 
attenuate much more rapidly than long surges. Positive surges 
suffer a greater attenuation than negative surges. 


5. The induced wave is initially greater for a positive than for a 
negative wave. 


6. Equal surges on all 3 conductors attenuate less than an equal 
surge impressed on only one conductor, but the wave front is flat- 
tened much more. 


The theory which is developed in this paper ex- 
plains all of these facts and shows conclusively that 
they are a natural consequence of different radii of 
conductors and different zero potential planes for 
the electrostatic and electromagnetic fields. 

In 1930 Foust and Menger® developed an empirical 
formula for attenuation which has proved valuable 
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in certain engineering calculations, but which gives 
no insight into the mechanism of attenuation. 

E. W. Boehne” has offered an explanation of the 
effect of corona on the attenuation and distortion 
of traveling waves. His theory explains the re- 
duced velocity of the surge and the increased surge 
impedance, and attempts also to present a plausible 
reason for the step which develops in the front of 
the main surge. It does not, however, tell why this 
same step develops without corona, nor does it 
explain the peculiarities which appear in the induced 
surge. Apparently other influences are present. 

Brune and Eaton® have supplied a somewhat dif- 
ferent explanation of the effect of corona. Their 
theory leads to an attenuation which is roughly 
linear. They do not attempt to find the reason for 
the distortion associated with the induced surge, 
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beyond pointing out that the mechanism apparently 
involves a separation of charge on the isolated con- 
ductor. 


EFFECTIVE RADIUS OF CORONA ENVELOPE 
AND EQUIVALENT GROUND PLANES 


The effective radius R of the corona envelope sur- 
rounding a conductor carrying a high voltage surge 
was first determined by E. M. Hunter. His 
method, since used by Fortescue,!? and by Torok 
and Ellis,'* is briefly as follows. The capacitance to 
ground of a cylindrical conductor of radius R and 
height H above ground is 


1 


C = Fiog @H/R) 


The radius R of the corona envelope is assumed to 
be that radius at which the gradient is just equal to 
the critical corona gradient of 76 kv/in. The 
gradient is 


ho! CH E 


or 
E = 76 R log (2H/R) 

This equation is plotted in Fig. 4 for representative 
valuesof Hand H. Now the electrostatic field corre- 


sponds to this effective radius of conductor, but not 
so the magnetic field. The current wave is still re- 
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stricted to the metallic conductor, although probably 
concentrated at its periphery due to transient skin 
effect. Therefore, in calculating the electrostatic 
coefficients a larger radius must be used than in cal- 
culating the inductance coefficients. 
if the different conductors of a multi-conductor sys- 


Furthermore, 


tem are carrying surges of different potentials, then | 


the effective corona radius will be different for 
each conductor. If the voltages are below the corona 
voltage, then the electrostatic coefficients must be 
figured on the basis of the metallic conductor. 

It is well known that the equivalent zero potential 
plane with respect to zero sequence and third 
harmonic currents on power systems is at a consider- 
able depth below the ground plane. This is also 
true for the comparatively high frequency currents 
used in telephone practice. The depth of the 
equivalent image depends upon the resistivity and 
stratification of the soil, and on the frequency. On 
the other hand, the zero potential plane with respect 
to the electrostatic field appears to lie very near or at 
the ground surface. In conventional traveling wave 
calculations it has always been assumed that the 
zero potential plane was the same for both the volt- 
age and current waves, and this plane has habitually 
been taken as the ground surface. Torok and Ellis® 
have recently published data indicating a relation- 
ship between the depth of the equivalent ground 
plane and the tower footing resistance. But it ap- 
pears to the author that there is not 1 but 2 zero 
potential planes, Fig. 5, one of which is associated 
with the voltage waves (the electrostatic field) and 
the other with the current waves (the magnetic 
field). Apparently the zero potential plane for the 
current wave is at a considerable depth. 


VOLTAGE /~ ~\ 
WAVE 
IMAGES \_ 


Fig. 5. Corona 
radii and posi- 


CURRENT WAVE i i 
.ENT W tion of images 


The general situation for a 2-conductor system is 
shown in Fig. 5. The corona radii are shown differ- 
ent for the 2 conductors, since they may be carrying 
different voltage waves. The electrostatic and elec- 
tromagnetic coefficients are given in Appendix I. 
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GENERAL THEORY 


The analysis rests, unfortunately, on the compli- 
cated multi-conductor multi-velocity theory of travel- 
ing waves.**° In Appendix I this has been carried 
out in detail for the 2-conductor system of Fig. 5, 
and in Appendix II it has been generalized to apply 
to any number of conductors. 

On the 2-conductor system it is found that there 
are on each conductor 2 waves with different veloci- 
ties: 


é: = fi (~% — uit) + fo (x — wl) 
€2 = afi (x — nt) + aofe (x — vel) 


where the velocities v; and v2, and likewise the fixed 
proportionality factors a, and a2, depend only on the 
capacitance and inductance coefficients. There are 
corresponding current equations. The relative mag- 
nitudes, shapes, and polarities of the 2 waves fi(« — 
vit) and f(x — vt) are determined solely from the 
terminal and initial conditions. For example, sup- 
pose a surge E(t) is impressed on conductor No. 1 by 
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Fig. 6. Effect of corona and depth of current images 


an impulse generator, while conductor No. 2 is open- 
ended. Then since the current must be zero at the 
open end, x = 0, while the 2 waves on conductor No. 1 
must add up to E(t) at x = O, there are sufficient 
data to determine fi(x — uit). This has been done 
in Appendix I and it is found that the 2 surges are 


! g(:-£) -wE()-E) =a’ ta" 
ty) Vi Vo 


: aH ( _ =) — awk (: — =) = aye)! + are,” 
1—w Vy Vo 


Thus at x = 0 


4 eee] 


where w is a factor involving the circuit constants. 
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Now the 2 component waves are moving at differ- 
ent velocities, so that eventually they part com- 
pany, and so the ratio 


2 = (coupling factor) 
1 


is a variable quantity depending upon how far the 
waves have traveled and the relative magnitudes and 
polarities of the component waves. Thus initially 
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Fig. 7. Typical attenuation and distortion effect 


the coupling factor may be 35 per cent while later on 
it becomes 100 per cent. It is also evident that if 
é;' and e,” are the same polarity while a; and a» are 
of opposite sign, then as the 2 component waves dis- 
engage é, experiences greater attenuation, while e& 
may actually increase in magnitude! It is also seen 
that a step will develop in ¢, on account of the faster 
wave running ahead, while the whole surge becomes 
elongated, and a negative loop will appear in front of 
the induced wave on conductor No. 2. It remains 
to prove by numerical examples that the calculated 
polarities, velocities, and magnitudes are compatible 
with the oscillographic records and to show that the 
effect of corona may be predicted accurately from this 
theory. 


NUMERICAL EXAMPLES 


The effect of varying the position of the magnetic 
zero potential plane and the corona envelopes of 
Fig. 5 is given in Table I, calculated according to 
Appendix I. The distance between conductors is 
kept constant at b = 15 ft, and likewise the electro- 
static zero plane is assumed to remain constant at the 
ground surface, H = 50 ft. The magnetic zero 
plane is taken at h = 50, 100, and 1,000 ft, respec- 
tively. When there is no corona the metallic con- 
ductor radius is used to calculate both the coefh- 
cients. When corona is present the envelope for the 
main surge is taken as 3 in., which corresponds to 
1,370 kv, while that of the induced surge is taken as 
one inch corresponding to 540 kv. Table I gives 
complete data on the magnitudes, velocities, and 
polarities of the 2 wave components on both con- 
ductors. These results have been plotted in Fig. 6 
for rectangular waves and in Fig. 7 for typical 
lightning surges. 
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Table |—Numerical Examples; Effect of Varying / and R of Fig. 5 
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A survey of Fig. 6 brings out several important 
facts: 


1. When the current and voltage images coincide and the conductor 
radii are the same for both the voltage and the current waves, then 
there is but a single wave moving at the velocity of light. Neglect- 
ing losses, neither the main wave nor the induced wave suffer at- 
tenuation or distortion. 


2. Increasing the depth at which the current images are located, 
brings into e istence waves with 2 different velocities on each con- 
ductor. Since these waves travel at different velocities they sepa- 
rate with distance traveled. A step develops at the front of the 
main surge, while a loop of reversed polarity appears leading the in- 
duced surge. As the waves disengage, the amplitude of the main 
surge decreases, but, neglecting losses, the amplitude of the induced 
surge may actually increase, so that eventually both surges become 
practically equal. The separation of the component waves creates 
the impression of a simple elongation such as is associated with 
series resistance losses. So far as the author knows, a complete 
separation of the component waves has not yet been observed in 
experimental lightning studies, although there are several cathode 
ray oscillograms of both natural and artificial lightning surges 
which show the double humps characteristic of this separation. Of 
course, the elongating effect of series resistance losses will tend to 
keep the component waves joined. 


3. Corona increases the size of the conductors with respect to the 
electrostatic field. In the calculation of Table I and Fig. 6 it was 
assumed that the voltage of the main surge was about 1,350 kv and 
that of the induced surge about 500 kv. By Fig. 4 these potentials 
correspond to radii of 3 in. and 1 in., respectively. In Fig. 6 it is 
shown that corona alone causes a step in the front of the main surge 
and a hump at the front of the induced surge. Thus the effect of 
corona and of depressed current images are similar on the main 
surge characteristic, but opposite on the induced surge characteris- 
tic. It might therefore be suspected that there are critical corona 
radii and depths of current images at which the 2 effects will nullify 
each other. In the case of # = 100 and corona on the conductors, 
this idea is supported by Fig. 6. It is seen that the main surge 
is practically a single wave, and the relative importance of the faster 
wave in the induced surge also has been considerably reduced. The 
principal part of the surge, represented by the slower wave, suffers 


880 


Table Il—Distance Traveled at 60 usec 
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a considerable reduction in velocity. Thus at 60» sec the distances 
traveled are as in Table IT. 


The rectangular waves of Fig. 6 give a clear picture 
concerning the mechanism of the phenomena, but 
are not particularly adapted for direct comparison 
with typical lightning surges. In Fig. 7 is shown a 
plot using typical lightning surges. Its counterparts 
among the oscillograms of Figs. 1, 2, and 3 are easily 
identified. The great variety of surge shapes which 
appear on transmission lines are not surprising 
when it is appreciated that the magnitudes, veloci- 
ties, and polarities of the component waves all af- 
fect the resulting shape; nor from this point of view 
is there any mystery concerning the radical change in 
shape experienced by a surge as it travels along the 
line. Another point of some interest which has oc- 
casioned comment in the past is the dissimilarity 
in shape between the voltage and current impulses. 
This has been explained as due to a “variable surge 
impedance.” In the light of the multi-velocity 
theory of traveling waves this dissimilarity is to be 
expected; for the surge impedances of waves with 
different velocities are different, and consequently 
the distortion in the current surge will be different 
than that in the voltage surge. 
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PHYSICAL CONCEPT 


This paper would not be complete without a brief 
physical explanation for the phenomenon of multi- 
velocity waves. Consider first Fig. 8, which shows a 
rectangular wave moving along a transmission line 
over ground having finite resistivity. The ground 
resistance is represented by a simple network having 
vertical and horizontal elements. Now at the in- 
stant when the advancing wave front reaches a 
capacitance element all the voltage is consumed 
by the ground resistance network, the current follow- 
ing paths somewhat as shown in the sketch. There 
then ensues a transient redistribution of current, 
at the termination of which the current paths are all 
horizontal, there are no vertical components of 
voltage drop, and consequently the surface of the 
earth is at zero potential, all the voltage being con- 
sumed by the capacitance elements of the line. 
The depth of penetration of the current depends, 
obviously, upon the resistivity of the soil, and will be 
deeper the greater that resistivity. Therefore 2 im- 
portant conclusions are arrived at: (1) the ground 
surface quickly becomes a zero equipotential sur- 
face with respect to voltage images, and (2) the 
current images are located at greater depths, de- 
pending upon the earth resistivity. In general, then, 
the voltage and current images are not at the same 
levels, and in consequence of this difference the ve- 
locity of propagation v = 1//LC is slower than nor- 
mal, because the inductance is greater than it would 
be if the current image were at the same level as the 
voltage image. Another effect of the earth resist- 
ance is to flatten the wave front; for on account 
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of the redistribution transient, currents continue to 
flow in the line capacitance elements for some time 
after the passage of the wave front. 

Consider now the effect of introducing a parallel 
isolated conductor. If the voltage and current 
images are coincident it merely happens that the 
voltage induced in the isolated conductor by the 
currents is exactly equal to that corresponding to its 
position in the electrostatic field due to the voltages. 
Under these conditions there is no necessity for a re- 
action. But if the current and voltage images are 
not coincident, then the currents tend to induce a 
different voltage in the isolated conductor than corre- 
sponds to its position in the electrostatic field. 
There can be no resultant current in the isolated con- 
ductor (since it is connected to no source) and there- 
fore the only way it can react against these con- 
flicting influences is by a separation of charge. This 
separation requires time. The mechanism by which 
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it is accomplished is by means of current waves of 
equal magnitude but opposite polarity traveling at 
different velocities. Associated with these current 
waves are corresponding voltage waves, but the 
surge impedances for the 2 pairs are different. 

A trapezoidal surge impressed on one conductor 
in the presence of another isolated conductor is 
shown in Fig. 9. The current paths are indicated 
by arrows. Initially there is no current in the in- 
duced surge. After the surge has resolved into its 
2 components it is seen that each one of the smaller 
pair is equal and of opposite polarity, but they in- 
volve no net ground current. Consequently they 
travel at the velocity of light, and do not experience 
flattening of the front on account of ground resis- 
tivity. But those of the larger pair involve heavy 
ground currents, therefore, travel at a slower speed, 
and suffer considerable flattening of the wave front. 
It is obvious that if equal surges were applied to 
both conductors there would be no further resolution 
and the surges would propagate as simple, slow 
velocity waves, but would experience the flattening 
of the front characteristic of surges carrying ground 
currents. 

The above ideas are illustrated in Fig. 7 for surges 
of typical shapes when waves are applied to one or 
both conductors. Notice, in the case of an isolated 
conductor, how first a step and then a camel’s. 
hump develops in the main surge, while a loop ap- 
pears in the induced surge; the “‘apparent”’ attenua- 
tion is less for the induced than for the main surge, 
so that they approach equality; the front of the 
higher velocity wave is preserved while that of the 
lower velocity wave is flattened; and the surge 
is elongated. On the other hand, when equal surges 
are applied to both conductors only the slow ve- 
locity wave exists, but it suffers flattening of the 


front. However, its attenuation is less, because it 
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Fig. 9. Resolution of a surge into multi-velocity waves 


contains no fast wave component that disengages. 
Comparing this picture with the oscillograms of Figs. 
1, 2, and 3 the agreement is seen to be detailed and 
exact. In fact, there is hardly any need to remark 
that C, D, and N of Fig. 3 were for equal waves ap- 
plied to all the line conductors. 

The development of multi-velocity waves on a 
multi-conductor system is closely analogous to the 
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development of multi-frequencies in a simple oscilla- 
tory circuit wheri mutually coupled with a number of 
other such circuits having different independent 
natural frequencies of.oscillation. 


CONCLUSIONS 


The attenuation and distortion of traveling waves 
are due to 3 principal causes: 


1. Multi-velocity waves called into existence by dissymmetry 
in effective conductor radii and location of the equivalent images for 
the voltage and current waves, respectively. 


2. Aslippage effect at higher voltage levels caused by the reduction 
in velocity of propagation corresponding to the larger diameters of 
the corona envelopes. 
3. Energy losses due to series resistance, skin effect, leakage con- 
ductance, and corona. 


Of these, the first depends upon the resistivity of 
the earth and the polarity of the surge. The higher 
the resistivity the greater the depth to which the 
equivalent current images are forced, and the more 
pronounced are both the step which develops in the 
front of the main surge and the reversed polarity 
loop leading in the induced surge. On the other 
hand, the higher the voltage, especially if of positive 
polarity, the greater the corona envelope diameter 
and the more the tendency to develop a hump at the 
front of the induced surge. 

But this first factor alone fails in several respects 
to account for all the observed phenomena. The 
attenuation is much greater than due to it alone, 
and the abrupt changes in wave shape called for by 
it do not always materialize. Rather are the changes 
in shape gradual. This smoothing process is prob- 
ably due principaliy to the variable diameter of the 
corona envelope, causing the slippage mentioned as 
the second cause. This may be looked upon in 2 
different ways: either as a slowing down of the 
higher voltage levels on account of the increased 
corona diameter; or as the yielding of charge to the 
corona envelope at higher voltage and the reclama- 
tion of these charges at lower levels below the 
corona voltage. The net effect of this action is to 
reduce the crest and fill in the tail of the surge, and 
in addition tending to smooth out the contours of the 
surge. 

The energy losses are probably chiefly responsible 
for attenuation. A surge may start out with an ini- 
tial potential of 1,000 kv and after traveling a few 
miles be reduced to 200 kv, or a 5:1 reduction. So 
far as the separation of the multi-velocity waves is 
concerned, not more than a 2:1 reduction would be 
possible on a 2-conductor system; or a 3:1 reduction 
on a 3-conductor system (assuming all component 
waves of the same size and polarity); while the re- 
duction in voltage on account of the temporary 
storage of energy in the space charge is a matter of 
perhaps 25 per cent. This leaves the greater burden 
of attenuation on the energy losses. Series resistance 
tends to elongate a wave, while shunt conductance 
and corona energy loss tend to contract it. All 
losses tend to smooth out the irregularities in the 
surge. Ground resistance flattens the front. 

If equal surges are applied to all the conductors 
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of a multi-conductor system, then the resulting 
surges travel at a single velocity, and consequently 
the characteristic distortion associated with multi- 
velocity waves does not materialize. On this ac- 
count the apparent attenuation is less than when the 
same surge is applied to only one conductor of the 
system, but the flattening of the wave front is 
greater. 


Appendix I—2-Conductor System 


The differential equations for the 2 conductors shown in Fig. 5 
are 
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Oly = 0é1 roy) 
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in which 
Lu = a log (2) = self inductance of No. 1 
lin = io? log ( =) = self inductance of No. 2 


lho = a log () = mutual inductance between No. 1 and No. 2 
Tew Pa Lily \ 
Ky, — D log ( Ry ) - 


Nba 2h \ 
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log (5) = capacitance coefficient between No. 1 and No. 2 
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Notice that the effective radii and distances to the zero potential 
planes for the capacitance coefficients have been taken differently 
than for the inductance coefficients. Eliminating the currents in 
eq 1 there results 
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capacitance coefficient of No. 1 


capacitance coefficient of No. 2 
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Then eq 2 may be written as 
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Assume that eq 4 is satisfied by wave solutions 


(4) 


é: = f (x + vt) 
é = g(x + vt) 


(5) 
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Substituting eq 5 in eq 4 
(Tuv? — 1) f" (x + ot) + Tiv?g” (x + vf) = 0 
Inv?f” (x + vt) + (Inv? — 1) g(x + vf) = 0 


Integrating each term of eq 6 twice with respect to x, the following 
relationships are seen to exist 


g(e to) = (FS) pe to) = of le +m (7) 
a — (hi + Iv) US oe (Tiles = Ty2Io1) = 0 (8) 


Hence by eq 8 
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Corresponding to the interior (+) sign there are 2 numerically dif- 
ferent values for the velocity v, and according to the exterior (+) 
sign the waves having these velocities may be either forward or 
backward moving waves. Moreover, by eq 7 waves on the 2 con- 
ductors having like velocities are definitely related. Therefore, 
calling the 2 velocities v; and v2 the complete solution for forward 
waves may be written 
aq = fi @ c= v4) + fe (x a Vet) 
(10) 
afi (% — nt) + aofe (x — vel) 
and from eq 1 the current waves are 
hq = (Ku + aK.) oifi (% — nt) + (Ku + a2Kiz) defo (x — vet) | (11) 
dg = (Kip + a Ko) i fi (% — vit) + (Kiz + a2K 22) v2 fe (% — ve) 
where 
ae C T= 7) 
9 a eee 

od; 

5 Uae Ss 4 (12) 
nee ¢ = 7) 

a. v27Lh2 
From eq 10 and eq 11 the effective coupling may be determined. 
Fig. 7 shows a wave being impressed on one wire of a 2-conductor 
circuit. Obviously there can be no current initially on the isolated 
conductor, so that at ¢ = 0, eq 11 gives 
Ky + ake \ v1 

SS = [eee IS x) = — wfi(x 13 
folx) Ke taka) ve fi (x) if, (x) (13) 


This equation shows that the 2 waves have the same shape, but 


differ in magnitude. Hence for this case eq 10 becomes 

= x — vt) — wii (xX — vot ) 
a = fi ( it) if ( ot) | aa) 
é: = aifi(x — nt) — war2fi (x — wd) } 


Now if the initial wave impressed on the bottom conductor at ¢ = 0 
is ¢; = E (x) then eq 14 gives 


E (x) = fi (x) — wfi (x) (15) 
hence 
A(x) = E& (16) 
and finally 
a= a Ele — wt) — pA B(x — el) | 

(17) 
@ = oS Ee — ot) — (Ee — mal) | 


Thus 2 waves with different velocities but of the same shape (in 
space) are present on both conductors. If the initial wave is im- 
pressed as a function of time Z (ft) at x = 0, then eq 17 must be 
remodeled as follows: 
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In this case the waves have the same duration as time functions, 
but are of different lengths and moving at different velocities. They 
start out together but the faster wave runs ahead and distortion 
results. For instance, suppose that the 2 waves of e are of opposite 
polarity and that the negative polarity is the faster and smaller com- 
ponent. Then initially e: appears as a complete positive polarity 
wave, but after a while the negative component has forged ahead 
where it is no longer nullified, and e. then appears more elongated 
with a negative loop in front, and the main crest hardly at all af- 
fected by attenuation, because the negative component is partially 
detached and therefore does not subtract as much from the positive 
crest. These possibilities are demonstrated in the text by numer- 
ical examples and compared with actual impulse tests on trans- 
mission lines. 

The more general analysis, applying to an m-conductor system is 
given in Appendix II. 


Appendix II—N-Conductor System 


The voltage waves (é1, é, ..., €n) On an m-wire multi-conductor 
system with zero losses are related by the following set of simul- 
taneous differential equations (see chapter VI of reference 6): 
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It has been shown (see chapter VI of reference 6) that these equa- 
tions are satisfied by wave solutions 


e =f (x = vt) (4) 


and that there are in general 1 distinct waves on each conductor. 
Each wave has a different velocity of propagation, as given by the 
roots of the following matrix: 


WBRE oes 5 LAIR 

oe | o 
InIne Brn | = 0 J 

where 

Br = (Ir — 07?) (6) 


Thus there can exist simultaneously on each conductor of an n- 
conductor system 7 pairs of traveling waves of different velocities 
of propagation (v1, v2, ..., Yn) and each pair consists of a forward 


and backward wave. Therefore 
a = [fu (x — ot) + Fu(w +ud)] + ....0.0.0..... = 

[fin (% — Ont) + Fin (x + onf)] 
ee hae ern oe Mc arr meetin cee Re Sen ir en ee (7) 
Cn" [far (or—avib te Pn (Ot Ore) tea oe + 

[fnn (x — Unt) + Fan (x + Unt)] 

The corresponding currents are given by 
4, = Dv, [Ku (fir — Mir) +..... + Kin (fre — Finr)] 
. Sh ayte ee Nec G Meeks cot MR Lk ocd MLR A Reo eee (8) 
tn = D9, [Km (fir — Fir) + ..... + Kan (for — Far)] 


If the effective radii and ground planes of the conductors with 
respect to the capacitance coefficients are the same as for the in- 
ductance coefficients, then eq 5 yields but a single value for the 
velocity of propagation (equal to the velocity of light) and eqs 7 and 
8 then have but a single pair of waves on each conductor. But if 
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the effective radii and ground planes are different for the capacitance 
coefficients, then the waves with different velocities exist. However, 
all the waves of eq 7 are not independent. Substituting eq 7 into 
eq 1 and equating the terms of waves having the same velocity, 
there result 7 simultaneous equations relating the » waves having 
like velocities, from which any (7 — 1) of them may be eliminated. 
Equation 7 may then be rewritten as 


peti [ifn (eo tit) an P(e tat) | oe a tb Gh. 

[fn (eo = Ont) Fn (x + ent) | 
@ = dy [fi(x — vt) + A(x + at)] +...... as 

Ln (~ — Unt) + Fr (x + ont)] ; (9) 
PR (oh i). et wal) | oe ns 

[fn (% — Unt) + Fr (x + dnt) ] 


where the a coefficients are the proportionality factors between 
waves with the same velocity, as determined by substituting eq 9 
in eq 1 and equating the coefficients of waves with like velocities. 
The current equations (eq 8) simplify to 


1, =2 (Kua, ap K 1202, ate eter ee, + Kin@nr) U; Gi oa F,) | 
th = 2 (Kodi, qt) Kenn =f te KenQnr) Ur Gis = F,) 


D (Kmair + Knog, + .... + Knndar) vr (fr — F,) J 


These, then, are the general equations of traveling waves on a no- 
loss multi-conductor system. The 2” remaining forward and back- 
ward waves are determined from the terminal or initial conditions. 
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Simultaneous Control 


of Voltage and Power Factor 


A method of maintaining constant voltage 
at the load center of a transmission system, 
utilizing load ratio control equipment in 
combination with fixed capacitors, is de- 
scribed in this paper. This method com- 
bines the desirable performance characteris- 
tics of both the synchronous condenser and 
load ratio control methods, and in some 
cases results in appreciable savings in over- 
all system losses. 


Maascexavce of constant volt- 
age at the receiving bus or load center of a transmis- 
sion system, independently of wide fluctuations in 
load, may be accomplished either by means of 
a synchronous condenser or by the introduction of 
voltage control apparatus at some convenient point, 
such as induction regulators or load ratio control. 


Full text of a paper recommended for publication by the A.I.E.E. committee on 
electrical machinery, and scheduled for discussion at the A.I.E.E. winter con- 
vention, New York, N. Y., Jan. 23-26, 1934. Manuscript submitted Oct. 23, 
1933; released for publication Nov. 8, 1933. Not published in pamphlet form. 
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The former method maintains constant voltage at 
the receiving bus, by adjusting line power factor so 
that line drop between receiving and sending busses 
remains constant for all loads. The latter method 
permits line drop to vary with load, but nevertheless 
maintains constant voltage on the receiving bus by 
inserting in the system a variable compensating 
voltage. 

Although the 2 methods are radically different in 
principle, they both are being used extensively. 
In this paper the essential characteristics of the 2 
methods are compared theoretically, primarily for 
the purpose of indicating how a third method, con- 
sisting of the combination of load ratio control and 
capacitors, may combine advantageously the de- 
sirable performance characteristics of the syn- 
chronous condenser and load ratio control. 

_It is shown that: (1) with the use of the combina- 
tion equipment, appreciable savings in over-all sys- 
tem losses, both at no load and at full load, may be 
expected in some cases, as compared with either the 
synchronous condenser or load ratio control; (2) 
the capacitive kilovoltamperes required in the com- 
bination equipment is much less than when the 
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. synchronous condenser is used; and (3) the trans- 
former tap range is less than when standard load 
ratio control is used. The conclusion is reached 
that the combination equipment is superior under 
the following conditions: (1) the increased kilo- 
voltamperes made available to the system by the use 
of the synchronous condenser is not of sufficient value 
to justify the extra cost involved; (2) where the ad- 
vantages inherent in the synchronous condenser by 
virtue of its being a rotating device are not impor- 
tant; and (3) where the economies resulting from 
power factor correction justify the increase in first 
cost as compared with standard load ratio control. 
In view of the advantages inherently possessed by 
the combination equipment, obviously there are 

many practical situations in which this method is to 
be recommended. 


DESCRIPTION OF THE ‘‘COMBINATION METHOD”’ 


A bank of static capacitors may be so intercon- 
nected with a tap changing transformer that the 
capacitive kilovoltamperes introduced into the cir- 
cuit is a function of the tap on which the transformer 
is operating and hence of the load. Figure 1 is the 
connection diagram of one arrangement, showing an 
autotransformer with taps in the series winding. 
By means of contacts A and B the incoming and 
outgoing lines may be connected to any of the taps; 
A and B are moved alternately and in opposite 
directions by means of a standard load-ratio-control 
mechanism. The position of the contacts shown in 
Fig. 1 (A on tap 5 and B on tap 1) correspond to 
maximum buck, in general the no load operating 
position. In the other extreme position, i. e., maxi- 
mum boost position, contact A will be on tap 1, and 
contact B on tap 5 (Fig. 2) corresponding in general 
to the full load condition. Capacitors C are con- 
nected between the series and common windings in 
such a manner that in the maximum buck position, 
the voltage across them is zero, while in the maxi- 
mum boost position, they receive the full voltage of 
the series winding. Thus, it is evident that at light 
loads, at which the equipment will be operating 
at or near its maximum buck position, no leading 
current will be introduced into the lines. Con- 
versely, at full load, at which the equipment wiil be 
operating at or near its maximum boost position, 
maximum leading current will be introduced into the 
lines. 

By this means, the output voltage can be main- 
tained constant automatically, either at the trans- 
former terminals or at the load center (with the aid 
of line-drop compensators); and simultaneously, 
leading current can be introduced into the circuit 
roughly proportional to the amount of load. 

This combination scheme of control has character- 
istics similar to the synchronous condenser in that 
increasing leading kilovoltamperes are thrown on the 
system with increasing load, and at the same time 
voltage is held constant at the receiver bus. It 
differs fundamentally from a synchronous condenser 
in that voltage control is obtained by changing trans- 
former ratio, as well as by changing the leading 
kilovoltamperes, whereas with the synchronous con- 
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denser, voltage control is obtained solely by controll- 
ing the amount of reactive kilovoltamperes, leading 
or lagging, that the condenser introduces into the 
system. On this account, especially if the synchron- 
ous condenser is used for maintaining constant volt- 
age under all load conditions, the resultant power 
factor will not always be the most desirable. This 
is especially evident at light loads, under which con- 
dition the synchronous condenser is made to circulate 
lagging reactive kilovoltamperes in the system to 
prevent excessive voltage from appearing on the re- 
ceiving bus. Therefore, the combination scheme of 
control, using variable transformer ratio, together 
with variable reactive kilovoltamperes, provides, 
from this point of view, a superior method of holding 
constant voltage. Furthermore, the kilovoltampere 
rating of the synchronous condenser for a given con- 
dition may be appreciably greater than the maximum 
leading kilovoltampere rating of the load ratio 
power factor control, because the former rating de- 
pends not only upon the economical power factor 
at which the system should operate at full load, 
but also upon the requirements of maintaining volt- 
age constant. Thus it is found, in the example to be 
discussed, that the leading kilovoltampere rating of 
the synchronous condenser is about twice the capaci- 
tor rating for similar performance. 


ELEMENTARY CONSIDERATIONS 


In order to obtain a simple and direct comparison 
of the performance characteristics of the different 
methods, a simple one-way transmission system, 
equipped in turn with the 3 types of control, will be 
considered. As an aid to this comparison, it is con- 
venient to use for reference purposes, that current 


SOURCE 


LOAD 


zens 

Maximum “‘buck’’ position; Maximum “‘boost’’ position; 

minimum voltage across capaci- maximum voltage across ca- 
tor pacitor 


Figs. 1 (left) and 2 (right). Connections of equip- 
ment used for load-ratio power-factor control 


which may flow through the line without producing 
any line drop between sending and receiving busses. 
This zero-line-drop current may have any magnitude 
whatever, but for any particular magnitude its 
phase angle is determined strictly by the impedance 
characteristics of the line. It must lead the re- 
ceiving bus voltage by an angle ¢ (see tabulated 
list for definition of all symbols) the value of which 
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may be determined geometrically from the vector 
diagram, Fig. 3. Under these conditions, the send- 
ing and receiving bus voltages Ey) E, form an 
isosceles triangle, the base of which is the impedance 
volts. From this diagram, the angle ¢ by which the 
zero-line-drop current J) leads the receiving bus volt- 
age can be determined readily for any value of trans- 


Definition of Symbols 


—————— Ee 


an angle depending on the per cent line impedance 


a= 

f = an angle depending on the ratio X/R 

CMe Oat 

0 = power factor angle 

6’ = corrected power factor angle 

Eo = sending end voltage 

Er = receiving bus voltage 

Io = zero-line-drop current 

Ii = load current referred to the line 

Ir’ = load current referred to the line after power factor has been corrected 

Z = impedance of circuit, including line, transformers, etc., all of which here- 
after are referred to as line, expressed in per cent 

X = reactive component of Z 

R_ = resistance component of Z 

Q = quadrature current to be added to Ir to give Jo 

Q: = component of Q due to load power factor 

Q: = component of Q due to line constants 

Q3 = leading quadrature current introduced for power factor correction 

Q« = quadrature current causing line drop 

r = turn ratio of load ratio control transformer in maximum boost position 


0 Fig. 3. Wector dia- 
gram showing zero- 

B 
5 eh line-drop current 


Er 
See tabulated list for definition of symbols 


mission line impedance. The angle ¢ can be con- 
sidered to be made up of the sum of 2 angles, a which 
is a function of the impedance volts, and 8 which is 
a function of the ratio of line reactance to line 
resistance. The values of a and £6 are plotted in 
Fig. 4 as a function of the line characteristics, from 
which the value of ¢ can be obtained very easily for 
any value of line constants. 

As illustrated in Fig. 5, any load current J, may 
be resolved into a zero-line-drop current J) and a 
wattless current Q. In other words, line drop may 
be avoided by combining with the load current a 
wattless current Q so that the resultant line current 
I leads the receiver bus voltage by an angle ¢ the 
value of which is determined from line characteristics 
as plotted in Fig. 4. This current diagram may 
vary in value from maximum to zero without intro- 
ducing line drop or regulation, provided the proper 
power factor of the line current for zero line-drop 
always is maintained. 

Synchronous Condenser. If, instead of providing 
the quadrature current Q necessary to maintain the 
zero-line-drop current, a quadrature current Q, 
(Fig. 6) is added giving a resulting line current J,’, 
then a line drop is introduced the value of which is 
determined by Q:, which is the vector difference 
between J,’ and Jj. The numerical value of the 
line drop is equal to Q, times the line reactance X. 
The current Q, is necessarily constant to satisfy 
the condition of constant terminal voltage, taking 
for granted that the synchronous condenser is oper- 
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ating to maintain constant voltage at the receiving 
bus for all loads. It is, therefore, independent of 
load and may be designated as the line-drop current. 
Being constant and independent of the load, it is 
the lagging current supplied to the line by the syn- 
chronous condenser at no load. 

Although both current diagrams, Figs. 5 and 6, are 
applicable to any value of load, their particular 
usefulness, as far as the present purpose of the paper 
is concerned, lies in the fact that from them the full 
load rating of the voltage control equipment may be 
determined quickly and accurately. For this pur- 
pose assume that the current J, is the rated full 
load current for which the system is to be designed. 
Then the value of Q determines the synchronous 
condenser rating. 

Generally, a synchronous condenser is designed to © 
deliver 50 per cent lagging current at no load, in 
which case the full load leading output is ?/3Q, the 
no load output is 1/3Q, and the line drop becomes 


1/,0X. 


(IZ) X (Ig) r 
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ANGLES o& AND B IN DEGREES 

Fig. 4. Curves for determining angles a and @ from 
circuit constants 


By the foregoing procedure the currents concerned 
with the operation of the synchronous condenser have 
been analyzed into the variable current triangle, con- 
sisting of I,, Jo, and Q, and the constant current Qu, 
which determines line drop. The actual current 
flowing in the condenser, as well as in the system, 
is determined for both rated load and fractional load 
by the vector resultant of the variable and constant 
currents. Thus, assuming that Fig. 6 represents 
the rated load conditions, then rated current flowing 
in the line is represented by 7,’ and the rated leading 
current of the synchronous condenser is Q3. For 
fractional loads the variable currents are reduced 
porportionally, but the constant current Q, remains 
unchanged. Thus at 50-per cent load, the resultant 
currents are illustrated in Fig. 6 A; and at no load 
the current triangle vanishes leaving the constant 
current Q, as the only current flowing in the system. 

Load Ratio Control. In this case, the load current 
I, is also the line current, and the resulting line 
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regulation (which is measured by Q, the amount of 
departure from zero-line-drop current) is neutralized 
by introducing a compensating voltage, thus hold- 
ing the receiving bus voltage constant. The total 
line drop is QrX where ¢ is the turn ratio in the maxi- 
mum boost position of the regulating transformer. 
Assuming equal buck and boost range, the load ratio 
control range becomes +QrX/2, and the maximum 
ratio 7 of the regulating transformer is 


Qrx 2 
fee, 3 = Ox 

which determines the required ratio of the regulating 
transformer. 

Combination Scheme With Capacitor. In the com- 
bination of load ratio control with capacitors, we 
may assume that at full load the capacitors with 
maximum load ratio control range impressed across 
them, furnish a leading current Q3, Fig. 7, sufficient 
to correct the line power factor to a specified value, 
say 95 per cent. 

The amount of departure of the line current J,’ 
from the zero-line-drop current is Q, and the total 
line drop is QurX where 7 is the turn ratio in the 
maximum boost position of the regulating trans- 


former. Assuming equal buck and boost range, the 

load ratio control range becomes QyrX/2, and 
QarX = Dy; 

ee oO 


which determines the required ratio of the regulating 
transformer. 


USE OF CHART 


To facilitate the evaluation of Q, a chart (Fig. 8) 
has been prepared, from which the values of Q; and 
Q2 for any value of ¢ and any condition of load may 
be readily determined directly. To illustrate the 
use of the chart, assume for example, a 3-phase cir- 
cuit having the following characteristics: 


Total line impedance including step-up and step-down trans- 


saoyeaiverass (YAW OA: iste BHA oct Slee AA A CD eet eee Nc A 20% 
Ratio of line reactance to resistance (X/R)................. 6 
Rated load delivered at receiving bus...................... 100% 
Rowemiactoromloadhee wrrtee wean dhe tts Sole A exh ranced 80% 
REC IVAN UD LISHV.OItTAC CE treme Gt telat con reece cysts Mee ke sagged 100% 


For 100-per cent load at 80-per cent power factor, 
zero-line-drop current as determined from the chart 
is 83 per cent. (Only by successive trials can this 
value be determined accurately since it is affected 
by the value of ¢.) Determine by means of Fig. 4 


the angle ¢, by which the zero-line-drop current 
leads the receiving bus voltage. 


(%IZ) Io = 0.20 X 0.88 = 0.166 Hencea = 4.6° 
4 = 6 B = O74? 
a+ Bp = 14.0° 


By means of the chart, Fig. 8, the numerical value 
of the quadrature current Q is determined (Fig. 5) 
for @ = 14° and load power 80 per cent, this being 
made up of Q; + Q:, obtained from the chart. 
Thus 


Qo = 20% 
Qi = 60% 
Q = 80% 


from which the required ratings of the various con- 
trol equipments can be determined quickly, as 
previously described. 

Where a synchronous condenser having a 50-per 
cent lagging rating is used, the size of the condenser 
is ?/;0 = 53 per cent; for full load this corrects the 
80-per cent power factor load to 60 — 53 = 7 per 


Table I—Performance Characteristics of the 3 Equipments 


Constant voltage maintained under the following conditions: load 
power factor = 80 per cent; line impedance = 90 per cent; X/R = 
6; X = 19.7 per cent 


Full Load Performance 


Load Ratio- 
Synchronous Power Factor Load Ratio 
Condenser Control Control 
VS ad woe Miche te cle eres toe GEN 100% San etce 100° eee 100% 
Qo oad power tactor...- 5 hacer OUL ome 80%) ean 80% 
3.) Ane powemilactOts uc t..4-97- mites ORD Some ae SAYA Mail eg See 80% 
A. sliviesimpedancer..t)..5 sn eae 2075 eee 2075) Pagan te 20% 
fe GW Sas 8 Sik 1G Ome meee ec tenen Senko Cy oe 6 Rao 16 eee eee 6 
CaM MRD?. Geter ary ice RR EUs Meee Petes Ea ok VG wee eete LORY aan cick 19.7% 
t QO} obtained from\chatt..-..).....- SOU. ees SO eee 80% 
8. Leading current introduced...... 530) ae SAG) ae 0% 
9. Lagging current effective in pro- 
Giucing liteidropsanmniaee aes DAILY een E 469" Peete 80% 
10.) -Linerdropos a ere eo hee yay A Suns 9. 5096 aranees LTE 
Die SLineiarrenth....8- oy see ee ee 80% i. “owns STL eer 108.5% 
IZ WVoltave iboostaas sic. eia aetedee nen OT Gny mene 4.75%.%.... 8.55% 
Comparative losses: 
13. Voltage control apparatus..... 38 ...... soa ee Ua eat 5.3 
14, Line‘and transiormers....7.2. 62)" 44.3. 13°3h P eae 118 
15. ‘Total systent losses... «05-0257 k007 “i gtets S38n3* ge. se ee 123.3 
No Load Performance 
16 linetcurrentsch.ca oe Pei aes PAN Atoms re ct On) Aa eee 0 
172 BL Aine: drop asses otis eae tee Oe LWA Bis ao ot OMe, Byatt 0 
1S: #Violtage buck tcc cise eats Bae OUR Sey erheees a 4 Oo noe —8.55% 
Comparative losses: 
19. Voltage control apparatus..... 26.8 ...... Lele) Paes a LL 
20. Line and transformers........ LO Die tees ets TS AQ ice ae 14.4 
21 Total system losses........ Ba OVS) eaeren TES eee 15.5 
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See tabulated list 
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IL symbols IL 


Fig. 5. Wector diagram of 
variable currents 
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Fig. 6. Vector diagram for a synchronous 
condenser with 50-per cent lagging rating 
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Fig. 7. Wector diagram for 
load-ratio power-factor con- 
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Fig. 8. Chart for determining rating of control equipment; 
broken line shows a concrete example of the following 


procedure: 


4. Locate intersection of given load power factor radius with load 
current arc in the lower half of the chart 


2. Project this intersection horizontally and note on the vertical 
quadrature current scale the quadrature current Qi in per cent of load 
current 


3. From Fig. 4 determine values of @ equal to a + 6 (the phase angle 
of the zero-line-drop current) assuming both Ip and r equal to unity 


4. Draw a radius in upper half of chart from origin corresponding to 
the value of angle 


5. The intersection of the radius just determined with the vertical line 
drawn through the intersection as determined in (1) gives the magnitude 
of zero-line-drop current. Its value can be read directly by means of 
the circular arcs 


6. Project the intersection as determined in the preceding paragraph 
horizontally and read the corresponding value Qe on the vertical 
quadrature current scale 

SYNCHRONOUS CONDENSER. Adding the values obtained in (2) 
and (6) gives Q = Qi + Qhy, which is the combined leading plus 
lagging rating of the synchronous condenser expressed in per cent of 
the assumed load current 

LOAD RATIO CONTROL. Maximum ratio 


of load ratio control equipment necessary to 
compensate for the line regulation is obtained 


ae 
29 — OX 
COMBINATION EQUIPMENT. When capacitors are added to load 
ratio control equipment, first determine zero-line-drop current in the 


same manner as described in (1) to (6) and in addition proceed as 
follows: 


by substituting in equation r = 


7. Project the intersection as determined in (2) vertically until it meets 
the radial power factor line corresponding to the power factor to which 
it is desired to correct, and project this intersection horizontally to the 
vertical quadrature scale and note its value 


8. Subtract this value from the value obtained in (2) to give the current 
rating of the capacitors (in per cent of assumed full load) required to 
obtain the desired power factor correction 


9. Add the value obtained in (9) to the value of Q; obtained in (2) 
to obtain the quadrature current Qy 


10. The maximum ratio of regulating transformer necessary to compen- 
sate for the line regulation is obtained by substituting in equation r = 
2 


2 =O. 
PROCEDURE FOR GREATER ACCURACY. In the above procedure 


a small error is introduced because in obtaining @ and ¢ both |p and r 
are assumed to be equal to unity. This assumption gives values of a 
and ¢ slightly larger than the correct values, and therefore the equip- 
ment ratings so determined are greater than the real values. To correct 
this error, proceed as follows: 


11. Multiply the per cent line impedance by the values of zero-line- 
drop current and r as obtained above, and use this value in redetermin- 
ing ¢. With the new value of ¢ repeat the procedure starting from 
(4). Note in the case of the synchronous condenser r is always equal 
to unity 


12. In using this chart, it will be found convenient to express all 
voltages in per cent of the receiving bus voltage which is maintained 
constant, and all currents in per cent of the assumed uncorrected full 
eet All values of line characteristics should be reduced to 
this base. 


cent, which corresponds to a power factor between 
99.75 per cent and unity. The lagging rating 1/;0 = 
27 per cent multiplied by line reactance 19.7 per cent 
determines the line drop; 0.27 X 0.197 = 0.053 or 
5.31 per cent. 
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Where load ratio control is used to neutralize line 
regulation, the maximum ratio required on the as- 
sumption that the regulating transformer is designed 
for equal maximum buck and boost positions, is de- 
termined by substituting the value of Q in the 
formula for 7, that is 


kee 2 
2—QX ~ 2-—(0.80X0.197) 


r 


= 1.088 
The line drop is then 
0.80 X 1.083 K 0.197 = 0.171 or 17.1% 


Where load ratio-power factor control is used, 
assume that in the full boost position the capacitive 
kilovoltamperes introduced is sufficient to improve 
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the power factor from 80 per cent to 95 per cent. 
The corresponding leading current Q; (Fig. 7) as 
obtained from the chart is 0.64 — 0.28 = 0.36. 
The amount of departure of the line current J,’ from 
the zero-line-drop current is equal to 


Qi = Q — Q; = 80 — 36 = 46% 


The maximum ratio required for the regulating 
transformer on the assumption that it is designed for 
equal maximum buck and boost positions, is de- 
termined by substituting the value of Q, in the 
formula for 7, that is 


2 2 


So =i se Seco io7). 


uf 


The total line drop is 
QurX = 0.46 X 1.05 X 0.197 = 0.095 or 9.5% 


A comparative study of the operating characteris- 
tics of the 3 types of equipments was made in the 
manner just described for a typical one-way trans- 
mission system involving a step-up and step-down 
transformer, and on the assumption that constant 
voltage is maintained under all conditions on both 
the sending and receiving busses. The results of 
this study are given in Table I. 


COMPARISON OF THE 3 METHODS 


Table I illustrates the appreciable saving in losses 
made possible by the use of the combination equip- 
ment, due to its inherently higher efficiency as com- 
pared with the synchronous condenser. The total 
system losses are less, in spite of the fact that for full 
load on the system the line losses, including the 
step-up and step-down transformers, are greater 
(compare items 14 and 15). At no load the total 
system losses also are appreciably less (item 21). 

It follows that for all intermediate loads, the over- 
all system efficiency should be higher, and the total 
system losses for any load cycle, should be less. 
In Fig. 9 are plotted loss curves representing the total 
system losses from no load to full load for a system 
rated 12,500 kilovoltamperes. 

By correcting the line power factor to 95 per cent, 
the capacitive kilovoltamperes required for the 
combination equipment become appreciably less 
than for the synchronous condenser (item 8) and 
this fact results in major reductions in first cost for 
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the combination equipment. The assumption tac- 
itly is made here that power factor correction to 
values greater than 95 per cent generally is not de- 
sired for economical reasons, and that it is done in the 
case of the synchronous condenser because of the 
necessity of maintaining constant voltage. The 
difference in the effect on the line current is shown in 
item 11 of Table I. These differences in line cur- 
rents are due in part to the difference in the power 
factor of the resulting line currents, and in part to 
the turn ratio of the regulating transformer, which, 
in the maximum boost position corresponding to 
full load, must be introduced to neutralize the 
line regulation (item 12). 

The advantages of minimum line current (item 
11) for identical loads, obtained by the use of the 
synchronous condenser, are obvious, because for a 
given maximum line current, limited by the current 
rating of the station equipment, the system is 
capable of delivering more kilowatts and more 
kilovoltamperes to the load. The importance of 
this advantage can be judged only in connection with 
specific applications, since so much depends upon 
whether the safe current limits of the system ap- 
paratus are approached. 


COMBINATION SCHEME vs. LOAD RATIO CONTROL 


A general comparison of the advantages of the 
combination scheme with those of ordinary load 
ratio control, depends largely on the question of 
whether for a given application it is economically 
desirable to improve the line power factor. As the 
first major cost of the combination equipment con- 
sists largely of the capacitor costs, it is obvious that 
power factor correction must be highly desirable 
to make the additional cost worthwhile. In the 
example cited in Table I, the large increase in ef- 
ficiency and the large reduction in line current re- 
sulting from the addition of capacitors, is so great 
as to justify a considerable increase in the first cost 
of the control equipment, as compared with load 
ratio control. 

In general, the desirability of combining load ratio 
control with capacitors, is made less (1) the higher 
the power factor of the load, and (2) the lower the 
reactance between the sending and receiver busses. 
The latter factor, by reducing the transformer 
tap range necessary to maintain constant voltage, is 
effective in reducing the first cost of the load ratio 
control equipment. 


OTHER ADVANTAGES OF THE COMBINATION SCHEME 


1. The absence of high speed rotating parts, and the fact that 
practically no auxiliary equipment is required, makes it possible to 
install the combination equipments at any convenient point on the 
line. 


2. It becomes possible to use several relatively small units and 
place them on the system closer to the load centers. 


3. On account of the ease with which capacitor units may be added 
when needed, it is not necessary to install at any given time any 
greater capacity than actually is needed. The rating of the trans- 
former can be made adequate for future growth, but as the cost of 
capacitors make up the largest part of the total cost, the initial in- 
vestment is not increased greatly by the necessity for future load 
growth. 
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Joint Use of Poles 
wih 6,900-V olt Lines 


A plan has been developed for joint oc- 
cupancy of poles by power and telephone 
circuits in the Staten Island, N. Y., area, in- 
volving 6,900-volt distribution. The aim 
of this plan is to secure to the public and to 
the power and telephone companies over- 
all safety, convenience, and economy. 
Results of this cooperative study of joint 
use are presented in this paper. 


By 

W. R. BULLARD Elec. Bond and Shere Co., 
MEMBER A.1.E.E. New York, N. Y. 
D. H. KEYES Am. Tel. and Tel. Co., 


ASSOCIATE A.IE.E. New York, N. ¥ 


Abstract 


J hen use of poles has been 
found mutually advantageous for the distribution 
of power and telephone services and codperative 
work for the purpose of determining mutually satis- 
factory practices has been carried on for many 
years. ‘‘Principles and Practices for the Joint Use 
of Wood Poles” were approved in 1926 by the Na- 
tional Electric Light Association and the Bell Tele- 
phone System. At that time, it was found necessary 
to place some limitations on the joint practices. 
In order to obtain fully acceptable joint practices, 
the Joint Subcommittee on Development and Re- 
search? has carried on a number of studies of the 
problems in specific areas. The study described 
in this paper was made for Staten Island, New York, 
and was concerned with the economics and relative 
safety of certain phases of power and telephone dis- 
tribution. The study covers estimated plant re- 
quirements for the period from 1932 to 1950, and is 
based upon estimates of growth of population and 
service requirements through this period. 

Previous studies made by the power company in- 
dicated the desirability of supplying the load either 
by extending the existing 2,300-volt delta system or 
by changing to a 6,900-volt delta system. Factors 
which influence the effects which may be experienced 
in event of contact between the power and telephone 
circuits are given and evaluated for the particular 
situation. 


Full text of a paper recommended for publication by A.I.E.E. committee on 
power transmission and distribution, and scheduled for discussion at the A.I.E.E. 
winter convention, New York, N. Y., Jan. 23-26, 1934. Manuscript submitted 
Oct. 27, 1933; released for publication Noy. 14, 1933. Not published in pam- 
phlet form. 

1. This work now being carried on jointly by the Edison Electric Institute and 
the Bell Telephone System. 
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The study indicates that in view of conditions 


which exist in Staten Island and features which 


would be incorporated in the design and operation 
of the 6,900-volt system, the safety of joint con- 
struction at the higher voltage can be made com- 
parable with that of the 2,300-volt joint construction 
now existing. The study also shows that sub- 
stantial economies would be obtained by the use of 
the 6,900-volt system. 

This is an example of the satisfactory solution by 
cooperative effort of a mutual problem of distri- 
bution. The solution arrived at and the conclusions 
drawn are dependent, as is always the case, upon the 
local conditions, but the method of attack is felt 
to be generally applicable to problems of this type. 


INTRODUCTION 


The public requires both power and telephone 
service, and the problem of distributing these to 
the same customers involves factors which are so 
closely interrelated that to arrive at an economically 
sound solution, codperative consideration must be 
given to the requirements of both. In built-up 
areas where both distribution plants are aerial, 
joint use of poles in accordance with mutually ac- 
ceptable practices, is usually preferable to separate 
pole lines in respect to safety, public relations, and 
over-all economy. 

The problems of joint use of poles received con- 
sideration by the Joint General Committee of the 
National Electric Light Association and Bell Tele- 
phone System, and as a result of its early work, 
that committee published a report dated February 
15, 1926, entitled ‘‘Principles and Practices for the 
Joint Use of Wood Poles by Supply and Communica- 
tion Companies.” These principles and practices 
were intended as a basis on which electric supply 
companies and communication companies could 
work out their joint use problems mutually, and 
among other items, recommend that each party 
should: 


“Be the judge of the quality and requirements of its own service, 
including the character and design of its own facilities.” 


“Determine the character of its own circuits and structures to be 
placed or continued in joint use, and determine the character of the 
circuits and structures of others with which it will enter into or con- 
tinue in joint use.” 


“Cooperate with the other party so that in carrying out the foregoing 
duties, proper consideration will be given to the mutual problems 
which may arise and so that the parties can jointly determine the 
best engineering solution in situations where the facilities of both are 
involved.” 


In order to extend this work, the joint sub- 
committee on development and research is conduct- 
ing studies of types of plant, methods of construction, 
and protection practices. Mutually accepted prac- 
tices for joint use at the lower distribution voltages 
are well established. However, many of the present 
day joint use problems relate to the use of higher 
distribution voltages. These studies include as- 
sembly of data to permit the various factors to be 
weighed, and development of additional or improved 
methods and devices to meet the present and future 
requirements. This paper describes briefly the 
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first of a series of field studies being made in co- 
operation with operating power and_ telephone 
companies. This study was made possible through 
the codperation of the New York Telephone Com- 
pany and the Staten Island Edison Corporation. 


BASIS OF STUDY 


The engineers of the Staten Island Edison Cor- 
poration in connection with their system planning 
had conducted extensive studies of their distribution 
problem to determine the system that would most 
economically provide satisfactory electric service. 
As a result of these studies they determined that 
either a 6,900-volt delta system or a 2,300-volt delta 
system would best meet their conditions, the former 
proving the more economical provided satisfactory 
joint use of poles could be arranged. Furthermore, 
local conditions generally make it impracticable to 
erect more than one pole line on a street. Where 
such dual lines have been built in the past, it is 
generally necessary to consolidate them at such 
time as the poles in either line become defective and 
require replacement. An exception to this rule is 
the case of wide streets where it is necessary to place 
street lighting on both sides. Since mutually ac- 
ceptable practices for joint use at the higher volt- 
ages were not available, the joint subcommittee was 
invited to codperate in the study of the overall 
economies and protection practices applicable to the 

power and telephone systems, with a view to assist- 
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ing in finding the best engineering solution for this 
case. 


GENERAL CONDITIONS 


Staten Island is 1 of the 5 boroughs of the City 
of New York. It is located to the southwest of 
the center of the city and is separated from the 
New Jersey Coast by a channel averaging about 0.5 
mile wide. The island is about 7.5 miles wide and 14 
miles long, with an area of about 57 sq miles. Due to 
the lack of direct transportation to the rest of the 
City, the development is as yet largely suburban 
except for a small urban area at the north and a 
large industrial area along the north and west 
shores. 

The present 2,300-volt joint use plant is of a good 
average grade of construction. In general, 40-ft 
poles are used with a span length of 100 ft. Thespan 
lengths are largely controlled by local restrictions and 
street lighting requirements. Joint use has been 
extensively used throughout the island between 
telephone circuits and the 2,300-volt circuits. 


POWER SYSTEM 


At present in Staten Island there are 1 generating 
station and 6 distribution substations, including 1 
at the generating station. The locations of these 
substations are shown on Fig. 1. 

There are now 3 voltages employed in Staten Is- 
land—33,000 volts for transmission between the 
generating station and several of the substations, 
6,900 volts for some substation supply but mainly 
for primary supply to large industries and to a minor 
extent for other distribution, and 2,300 volts for 
the remainder of the distribution system throughout 
the island. 

The present distribution transformers are mostly 
between 5 and 25 kva. They are fused on the 
primary side for transformer failure, but not for 
overload. The tendency is to use the 25 to 50-kva 
sizes and loiuger secondaries for most cases in new 
construction. Lightning arresters are used for the 
protection of all transformers fed from open wire. 
There are many shade trees on the island, but 
adequate clearance for the primaries is maintained. 

The present substation transformers have 3-section 
secondary windings which are now connected in 
parallei for 2,300-volt operation and which can be 
connected in series for 6,900-volt operation. All 
of the newer switching gear is suitable for either 
2,300-volt or 6,900-volt operation. 

The street lighting is a series system using in- 
candescent lamps. Constant current transformers 
are pole-mounted, supplied from 2,300-volt primary 
circuits kept separate from the general distribution 
system. 

The power secondaries are generally grounded to 
the water system on customers’ premises. 


TELEPHONE SYSTEM 


There are 5 central office buildings on Staten 
Island, each of which contains a common battery 
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exchange. The locations of these offices also are 
given on Fig. 1. 

The use of underground cable along main feeder 
routes is rather extensive, the minimum amount 
terminated at any one office being 2,000 ft. In 
general, aerial cables extend from the underground 
terminals to the limits of each central office area, 
there being very little open wire. The maximum 
length of aerial cable is approximately 3 miles, 
but the average length is materially less. 

The many shade trees require the more frequent 
use of terminals than is the general practice on the 
aerial cables in order to minimize the number of 
runs of drop wire along the cables. 

Subscribers in the aerial cable territory are served 
by drop wire between their premises and the aerial 
cable terminals. Where the drop wire enters a 
subscriber’s premises it is provided with a protector. 
This protector consists of 7-amp fuses, and carbon 
block protector gaps from the lines to ground. Tele- 
phone protectors are generally grounded to the water 
system on subscribers’ premises. 


GROWTH 


The first step in obtaining the requirements for the 
power and telephone system throughout the period 
of the study was to arrive at an estimated popula- 
tion growth for the island. Data as to the residence 
and business development and present usage of the 2 
services in the area were studied, together with local 
and economic factors which were instrumental in 
effecting past growth or have an influence on the 
future. 

From these factors the number of residence and 
commercial electric ineters was estimated. Taking 
into account the fact that the power company is 
promoting electric range and water-heating loads in 
addition to the other increases in the use of electric 
power, the load per meter was obtained. A com- 
bination of these estimates gives the load for which 
the distribution system must be designed. The 
area studies give the distribution of load in various 
sections of the island. 

The telephone study employed the family as a 
unit and is based upon United States and other 
census records as to past performance, divided in 
accordance with the various subdivisions of the 
study area. The forecast of the future utilization of 
the telephone was made based on the projection of 
the various factors and subdivided for the areas. 

The detailed methods employed and the results 
obtained in these growth studies would require 
more space than could be allotted in this paper. 

A section of the island consisting of approximately 
13 sq miles, representative of conditions throughout 
the island, except for a congested underground sec- 
tion, was selected for detailed study. For carrying 
out the study this selected area was further divided 
into 14 small working sections. 


POWER IN SELECTED AREA 


Maps of the selected area were prepared, showing 
the location and sizes of all the distribution trans- 
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formers required to serve the estimated loads. On 
such a map a layout of primary lines was made for 
the 6,900-volt plan consisting of 6 feeders radiating 
from the Eltingville substation. On a similar map 
the 2,300-volt plan was shown, using 2 substations, 
1 at Eltingville with 8 feeders and 1 at New Dorp 
with 5 feeders. Service requirements and load dis- 
tribution in this territory make desirable the use 
of large transformers and extensive secondaries 
rather than smaller transformers and shorter secon- 
daries. It was recognized that some saving might be 
effected by using for the 2,300-volt system smaller 
transformers and less extensive secondaries, but 
this saving was not considered sufficient to offset the 
advantages of the large transformers in this territory. 
Due to these considerations, the assumed locations 
and sizes of transformers were the same for both 
voltage systems. 

The primary circuits were designed for the same 
regulation limits in both plans, namely, plus or minus 
2 per cent at the load centers and plus or minus 3 
per cent at points of maximum variation. Each 
feeder with its branches was laid out geographically 
to serve certain distributed loads. The size of wire 
required between substation and load center to give 
the desired regulation then was computed. When 
the specified regulation could not be obtained without 
going to undesirably large wire sizes, regulators were 
specified. Sizes larger than No. 4/0 were generally 
avoided for mechanical reasons, but some larger 
sizes are now in place and additions were made in 
certain cases. Single-phase regulators were specified, 
2 or 3 on a feeder depending upon the amount of 
regulation required. 

The power loss in the primary wires was estimated 
for each circuit from the yearly effective load current 
and the resistance from substation to load center, 
plus a small allowance for branches. The effective 
current was determined by comparison with load 
curves from actual circuits serving similar types of 
loads and the resistances were computed. Losses 
in the branches are generally very small since the 
wire, for mechanical reasons, is usually of such size 
that the current density is low. 

The total amount of primary wire required for 
each system was determined from the maps. From 
the circuit lengths the numbers of crossarms and 
insulators were estimated. Two lightning arresters 
were assumed per distribution transformer. The 
plans were made so as to use, as far as possible, the 
wire and cross-arms now in place. The average 
length of the assumed 6,900-volt circuits (including 
branches) was approximately 3 times that of the 
2,300-volt circuits. 

Distribution transformer losses would be somewhat 
higher on the 6,900-volt system. The total for 
each plan was estimated, assuming core losses to 
be constant for the full year and the effective yearly 
average copper loss to be 0.2 times the full-load 
copper loss. This same factor was used in finding the 
primary line losses. 

_ Regulator losses were found to be slightly greater 
in the 2,300-volt plan because of the greater number 
used. The 2,300-volt regulators have 1.6 per cent 
core loss and 2.4 per cent copper loss at full load as 
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Fig.2. Difference in investment between 2,300-volt 
and 6,900-volt plans for the whole Island 


compared with 2 per cent core and 3 per cent copper 
loss in the 6,900-volt regulators. Core losses were 
assumed constant and copper losses were multiplied 
by 0.2 as for the transformers. 

In both plans the Eltingville substation was used 
because it is now in operation and there is plenty of 
room for expanding it. It is necessary to add 
only the distribution voltage equipment as the 
present 33-kv equipment is ample. The substation 
is so located that it will serve some territory outside 
the selected area. 

The 2,300-volt plan requires a new substation at 
New Dorp. This was necessary since it would be 
uneconomical to supply the power required for this 
whole area from Eltingville at 2,300 volts. All 
equipment for the proposed New Dorp substation 
was for outdoor mounting to be operated by super- 
visory control from St. George. 


POWER SYSTEM ON WHOLE ISLAND 


In order to project the study to include costs of 
the 2 plans for the whole island, peak loads were 
calculated for each working section on the island 
based upon the estimated population at intervals up 
to 1950. The ratio of load to population at each 
date was assumed to be the same as in the selected 
area. 

The total line costs were assumed to be in direct 
proportion to the load served, based upon costs 
calculated in the selected area. Since additions to 
the primary system are made in comparatively small 
units, the investment at any time can be assumed 
to be proportional to the load served. 

The change-over from 2,300 volts to 6,900 volts 
would require the gradual removal from the system of 
2,300-volt transformers, line insulators, and some 
other equipment. The scrap value of all equipment 
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that was not suitable for use on the 6,900-volt system 
was credited. 

The 6,900-volt plant required no new substations 
but the total additions to present substations were 
estimated on the basis of the load requirements in 
the areas served which were calculated for each 
year so that the date of installation of addi- 
tional equipment could be determined. The con- 
version to 6,900 volts would, of course, be gradual 
as required by the load growth. 

The 2,300-volt plan required 6 new substations 
by the end of the study period. The dates of in- 
stallation of new 2,300-volt substations were deter- 
mined by comparing the cost of feeding a given 
group of working sections year by year with long 
feeders and regulators from existing substations 
against the cost of serving it from a new substation. 

The methods used for estimating the losses in the 
primary wires, distributing transformers, and regu- 
lators have been indicated in the study of the selected 
area. Substation transformer losses were less in 
the 6,900-volt plan due to the larger sizes of the 
units, the principal saving being in the core losses. 
It was found that the increased cost of copper losses 
in the 2,300-volt substation transformers would be 
approximately offset by the decreased transmission 
line losses in the 2,300-volt plan. This difference in 
transmission loss was due to the tapping off of load at 
more substations closer together than in the 6,900- 
volt plan. 

Line losses and distribution transformer losses were 
projected over the whole island and their growth 
estimated by assuming them to be directly propor- 
tional to the load served, based upon the relation 
between load and losses determined in the selected 
area. Losses in regulators and substation trans- 
formers, however, were added for each unit on the 
proposed date of its installation. 

Table I shows the difference in investment of the 
various items for the 20-year period. In Fig. 2 is 
shown the accumulated difference in the capital 
expenditure year by year. 

Table II shows the total difference in power loss in 
the various parts of the system for the 2 voltages. 
The accumulated power loss year by year is shown by 
Fig. 3. 


Table I—Net Savings in Investment to 1950 


Favor of 6,900 Volts Favor of 2,300 Volts 
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The material and labor costs used were obtained by averaging costs for the period 
from 1926 to 1931. The present views on slower growth in population and 
changes which have taken place in costs of labor and material are factors of ma- 
jor importance, and fundamental in the study. These changes would reduce 
the total savings which the study shows, but should not alter appreciably the 
percentage difference in cost of the 2 power distribution systems. However, 
there is a definite indication that when increases are required in the capacity of 
the distribution substations and feeders on Staten Island, the gradual conversion 
to the 6,900-volt system in general accordance with the study herein outlined 
would result in substantial economies, 
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Table HH—Net Savings in Power Loss to 1950 


Favor of 6,900 Volts Favor of 2,300 Volts 


Distribution lines...............-. 18,291,000 kwhr. ......-- eee ee eeees 
Substation transformers...........14,005,000 kwhr...........e-e+eeees 
Regulators.......¢...+.++++++++++ 5,873,000 kwhr.......-.se cere eeees 
Mista hutontiratis tk he ees ems mena, 001L,000;kwar. 


... 87,669,000 kwhr......13,651,000 kwhr 
» - 24,018,000 kwhr..... 0.2.0.2 eeeer ees 


Total. 
Grand eatat 


Items, on which it was evident that the costs would 
be approximately the same in both systems, such as 
power supply, secondaries, customers’ services, etc., 
were omitted from the comparisons. 

Pole costs were not included in this study since 
they would be approximately the same for the 6,900- 
volt system as for the 2,300-volt system owing to the 
following: 


1. There would be no appreciable difference in the number of poles 
jointly used because the total length of pole lines from substations 
to all distribution transformers was approximately the same for the 
2 systems. 


2. There would be no difference in the height of poles jointly used 
because the clearance between power and telephone attachments 
is the same for 6,900 volts as for 2,300 volts. 


3. The existing pole sizes meet the strength requirements provided 
in the National Electrical Safety Code where 6,900-volt joint use is 
mutually agreed upon. 


It was recognized that the costs of operating the 
2 systems probably would be different but experience 
to evaluate this difference was lacking. However, 
all information available indicated that any in- 
crease in operation and maintenance would be 
small compared to the saving in favor of the 6,900- 
volt system. 


TELEPHONE SYSTEM IN SELECTED AREA 


Telephone plant layouts consisting of the aerial 
cable necessary to serve the estimated number of 
subscribers in this area were made on maps to the 
same scale as the power layouts. Two layouts were 
made for the telephone system to be used with the 
6,900-volt power distribution in the selected area; 
one plan, attaching telephone cables to lines carrying 
primary wires, as would ordinarily be done with 
lower voltage primaries, and a second plan, avoiding 
joint use with primary circuits as far as practicable. 
There was found to be very little difference in the 2 
plans as the power distribution lines had been laid 
out to avoid telephone routes as far as possible. 

The telephone cable layout was superposed on each 
of the power distribution plans in turn to show the 
extent of the joint use requirements in the selected 
area. 


TELEPHONE SYSTEM ON WHOLE ISLAND 


This study was extended to cover the whole island 
by comparing each of the remaining sections with 
one in the selected area having similar characteristics. 
The total number of lines in 1950 was estimated for 
each section and the number of lines requiring pro- 
tectors was found by assuming that the ratio of 
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these lines to total lines was the same as that in 
the selected section used for comparison. 

A comparison of plans for attaching and avoiding 
attachment showed that there is relatively little 
difference in the amount of plant involved. How- 
ever, the total number of poles required for the 
latter arrangement would be somewhat greater. 


RELATIVE SAFETY OF 2,300- AND 
6,900-VoLT DELTA DISTRIBUTION SYSTEMS 


The factors requiring consideration in a study of 
relative safety of various joint use plans are discussed 
in Provisional Report No. 6 of the Joint Subcom- 
mittee on Development and Research, entitled “The 
Coordination of Power and Communication Systems 
in Respect to the Joint Use of Poles’ (National 
Electric Light Association Bulletin of December, 
1931, p. 815). The plans assumed that the type 
of plant to be used in the future would be similar to 
that now used. 

The voltage which can be impressed by contact on 
telephone wires and apparatus inside of buildings, 
while higher with 6,900 volts than with 2,300 volts, 
is limited since a favorable relationship between 
the power and telephone impedances is obtained due 
to the general use of low resistance grounds for the 
telephone services on the subscribers’ premises. 

With either voltage, without codrdinative meas- 
ures, currents as large as 400 amp might continue 
indefinitely in case of double faults on the power 
system. If one of these faults should involve the 
telephone plant, the current would be enough to 
burn off the cables either at the point of contact or at 
other locations. The burning off of the cable would 
eliminate the beneficial effect of the low resistance 
ground on the sheath and make it possible to impress 
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Fig. 3. Difference in power losses between the 2,300- 
volt and 6,900-volt plans for the whole land 
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full phase voltage on drop wire and fuses. Tests 
and field experience show that the probability of 
fuses holding over is greater with 6,900 volts im- 
pressed than with 2,300 volts. The higher voltages 
which could be impressed on telephone cable might 
result in more failures involving many telephone cir- 
cuits. If a power wire should fall on a drop wire, the 
insulation of the drop wire under condition of double 
fault might be subjected to as much as 6,900 volts. 
This might result in more failures of drop wire in- 
sulation than if the voltage were limited to 2,300 
volts. A number of typical possible faults involving 
such a system and telephone plant are illustrated 
in Table III, and the results indicated. 

Based on the above, there is little doubt that if the 
voltage were raised to 6,900-volts ungrounded delta 
without additional coérdinative measures the hazard 
of joint use would be increased over that obtaining 
with 2,300-volts delta. Consideration therefore was 
directed to finding some practicable means for ob- 
viating the increase in hazard. 


SEPARATE POLE LINES 


Completely separated aerial plants for the 2 
utilities would be impossible on account of local 
conditions and restrictions. In addition, under the 
conditions in Staten Island, joint poles would usually 
permit a safer and more satisfactory arrangement of 
telephone drop and secondary service wires. 


TELEPHONE MEASURES 


The protection used at each subscriber station con- 
sists of 7-amp fuses (Bell system code 11-C) and 
carbon block protector gaps, of 3-mil spacing (Bell 
system code Nos. 26 and 27) grounded to the city 
water system. 

Consideration was given to the practicability of ob- 
taining improved safety by using drop wire with 
heavier insulation and telephone fuses capable of 
operating properly under higher voltages, provided 
material and devices and means of applying them 
were available. This added protection would, of 
course, have to be applied to all exposed subscriber 
stations and would not reduce the possible high volt- 
age on the cable or reduce the duration of contacts. 
Costs for installing these measures, exclusive of 
material, based upon the number of stations involved 
were estimated. Estimates of the possible costs 
of material that would be required were not made. 


POWER MEASURES 


The use at each substation of a grounding bank of 
transformers of not less than 15 ohms zero-sequence 
impedance combined with ground relaying would 
clear the circuits for faults involving the telephone 
plant. The sketches of Table IV illustrate several 
types of fault involving cable and drop wire contacts, 
and also indicate the possible effects when a ground- 
ing bank having 38 ohms zero-sequence impedance is 
used. The results are based upon certain assump- 
tions as to circuit lengths, grounding conditions, 
etc., as found in Staten Island and may not apply 
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in other localities. It will be noted from these 


sketches that: 


1. Faults involving telephone plant are quickly cleared, except in 
some cases when the cross is with the end of a broken wire away from 
the substation. 

2. The voltage which can be impressed on telephone cable is limited 
to about 1,000 volts. 

3. In general, the maximum voltage that can be impressed on drop 
wire insulation is 4,000 volts. 

4. The maximum voltage across a fuse is generally limited to 4,000 
volts, but in any case will be less than 6,900 volts. 


5. Ground fault currents, in general, will not exceed 300 amp and 
usually will be cleared in less than 5 sec. 


The exact condition which can occur will, of course, 
be somewhat affected by the impedance of the 
grounding transformer. Where a grounding bank 
is used, the circuit will be interrupted promptly by 
the initial fault to the telephone plant, which largely 
eliminates the possibility of it being involved in a 
double fault. Tests as well as field experience show 
that under the above conditions, the possibility of 
fuses holding over is not great. In addition to this, 
with water pipe grounds, the currents resulting, in 
case of contact, should always be sufficient to clear 
the circuit in a very short time. In case of contact 
with cable, the rapid interruption of the circuit will 
prevent the parting of cable and messenger. This 
maintains a low impedance through the telephone 
plant to ground and therefore limits the voltage 
which can be impressed on the telephone plant. 


DESIGN FEATURES 


In order to obtain the safety conditions outlined 
above, the committee considered the following 
features of construction and design necessary: 


1. Construction in accordance with the National Electrical Safety 
Code. 

2. Telephone circuits, except drop loops running froin terminals 
to subscribers’ premises, carried in lead sheath cable. 

8. Aerial telephone cables bonded to the messengers and to the 
underground cables. 

4. Telephone station grounds of low impedance. 

5. The power distribution system grounded through grounding 
banks with zero-sequence impedance of not less than 15 ohms. 
These banks to be instailed in each 6,900-volt substation and con- 
tinuously maintained in service to provide neutral point grounding 
for all feeders. 

6. Ground relays installed and continuously maintained in service 
at such points so that: (1) any primary distribution circuit in case 
of fault to the telephone plant will be deénergized promptly, and 
usually within 5 sec; and (2) the current which can flow continu- 
ously through the ground connection without relay operation should 
be kept as small as practicable and not exceeding 100 amp. 


RESULTS OF STUDY 


A summary of the results of this study follows: 


The difference in total investment between the 2,300-volt and 
6,900-volt systems at the end of the study period would be about 
$570,000 in favor of the 6,900-volt system. This difference is in- 
fluenced by the fact that the pole plant and substation equipment 
now installed are largely suitable for 6,900-volt operation. In other 
situations, where extensive replacements of either or both of these 
items were required substantial difference in relative economy might 
be expected, 


The difference in power losses in favor of the 6,900-volt system 
would amount to 24,000,000 kwhr by the year 1950. 
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Table Ill—Results of Contact Between 6,900-Volt Isolated-Delta Circuit and Telephone Plant 


Circuit Diagram 


Results of Contact With Cable Sheath or Messenger 
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Fault current less than one amp 
No relay operation 

Volts on telephone cable negligible 
Duration until trouble is cleared 


The only hazard in this situation would be the re- 
moval of wire from contact without proper pre- 
cautions 


If total impedance of 2 faults and circuit between 
them is less than 23 ohms, 300 amp overload relay 
trips, or less than 17 ohms, 400 amp overload re- 
lay trips. (Modified by load current.) 


Duration, up to several seconds if relay operates; 
otherwise until trouble is cleared 


Assuming fault A at bus and B at a distance, with 
5 ohms in power circuit and 5 ohms in telephone 
cable, J = 690 amp, voltage of cable = 3,450 volts 


Maximum voltage of cable without circuit inter- 
ruption approximately 2,000 volts (400 amp X 
5 ohms) 


Maximum fault current near substation limited 
by short-circuit capacity of substation 


Fault current somewhat less than load current 
No relay operation 
Duration, until trouble is cleared 


As this current can be nearly as great as the load 
current, without interruption, a poor contact will 
cause messenger to part and burn sheath and cable 
conductors. If sheath burns away, 6,900 volts 
on conductors will cause other cable troubles 


Same as above except voltage may be only 6,000 
instead of 6,900 if load is balanced 


Fault current somewhat less than load current 
No relay operation 
Duration, until trouble is cleared 


As this current can be nearly as great as the load 
current, without interruption, a poor contact 
will cause messenger to part and burn sheath and 
cable conductors. If sheath burns away, 6,900 
volts on conductor will cause other cable troubles 


Same as above except voltage may be only 6,000 
instead of 6,900 if load is balanced 


Fault current less than one amp 
Duration, until trouble is cleared 
No relay action 

Voltage of telephone cable, negligible 


Possible hazard in case of attempt to remove con- 
tact without proper precautions 


Same as above 


Results of Contact With Telephone Drop Wire 


Protector blocks operate 

Fault current less than one amp 
No relay operation 

No fuse operation 

Voltage of telephone loop negligible 
Duration, until trouble is cleared 


Voltage available to break down insulation on 
drop wire, 4,000 volts 


Only hazard would be removal of wire from con- 
tact without proper precautions 


Protector blocks operate 


If total impedance of 2 faults and circuit between 
them is less than 690 ohms, telephone fuse blows, 
with 6,900 volts across it; or 23 ohms, 300 amp 
overload relay trips; or 17 ohms, 400 amp over- 
load relay trips. (Modified by load current.) 
Duration up to several seconds if relay operates; 
otherwise until trouble is cleared 

Voltage available to break down insulation on 
drop wire, 6,900 volts. Maximum current in 
drop wire about 1,500 amp 

Maximum voltage 6,900 if not limited by cable, 
for example, if it burns off and drop wire remains 
in contact 


Protector blocks operate 
Fault current somewhat less than load current. 


Will operate fuse if 10 amp or more. No relay 
operation 


Duration, until trouble is cleared 


Voltage available to break down drop wire insu- 
lation 6,900 volts. Volts on drop wire if fuse is 
not blown, negligible. If fuse operates, maximum ° 
voltage across it is 6,900 volts unless limited by 
cable breakdown 


Same as above except voltage may be only 6,000 
instead of 6,900 if load is balanced 


Protector blocks operate 


Fault current somewhat less than load current. 
Will operate fuse if 10 amp or more. No relay 
operation 


Duration, until trouble is cleared 


Voltage available to break down drop wire insu- 
lation, 6,900 volts. Volts on drop wire if fuse 
is not blown, negligible 


If fuse operates, maximum voltage across it is 
6,900 volts unless limited by cable breakdown 


Same as above except voltage may be only 6,000 
instead of 6,900 if load is balanced 


Protector blocks operate 
Fault current less than one amp 
Duration, until trouble is cleared 


Voltage available to break down drop wire insu- 
lation, 4,000 volts 


No relay or fuse action 


Possible hazard in case of attempt to remove con- 
tact without proper precautions 


Same as above 


ELECTRICAL ENGINEERING 


Table IV—Results of Contact Between 6,900-Volt Delta Circuit With Grounding Bank* and Telephone Plant 


Circuit Diagram 
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* Consisting of 3 transformers rated at 100 kva each; reactance, 38 ohms per transformer. 


tripping current of 50 amp 
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Results of Contact With Cable Sheath or Messenger 


Results of Contact With Telephone Drop Wire 


Fault current up to about 300 amp 


Relay will clear circuit in less than 5 sec on any 
cable contact 


Voltage on telephone cable about 800 volts maxi- 
mum, for worst impedance conditions in Staten 
Island. This does not occur with maximum fault 
current, however 


Relay operation independent of load 


If contact at B occurs, relay clears in less than 5 
sec 


If contact at A occurs first and is less than 70 
ohms, it will clear circuit; if greater, fault will 
remain on until B fault occurs 

Voltage on telephone cable, 800 volts maximum 
as above 

Relay operation practically independent of load 
Maximum current about 300 amp 


Fault current up to about 300 amp maximum 


Relay clears circuit in less than 5 sec on contact 
at A 


Circuit may be cleared by fault Bif fault imped- 
ance is low and if single-phase load beyond B is 
about 650 kva or more 


Volts on telephone cable about 800 volts maxi- 
mum as above 


Same as above, except requires about 1,000 kva 
3-phase load to trip circuit through fault at B 


Fault current at B may reach 50 amp and clear 
circuit if single-phase load is about 650 kva or 
more; or current at A will clear circuit if imped- 
ance is 70 ohms or less 


Maximum current without tripping, 50 amp 
Maximum voltage on cable about 250 volts 


Same as above, except requires about 1,000 kva 
3-phase load to trip circuit through fault at B 


Fault current less than 60 per cent of load current 
previous to fault, and may operate relay if load is 
650 kva single-phase or more 
If load is not sufficient to trip circuit on ground 
current, fault will remain on 


Fault current Jess than 1/3 of balanced 3-phase 
load current; may operate relay if load is about 
1,000 kva or more 


If load is not sufficient to trip circuit on ground 
current, fault will remain on 


Protector blocks operate 
Fault current up to about 300 amp 


Relay will clear circuit in less than 5 sec on any 
drop wire contact unless fuse clears first 


Voltage available to break down drop wire insula- 
tion, 4,000 volts 


If fuse operates, maximum voltage across it is 
4,000 volts 


Relay operation independent of load 


Protector blocks operate 


If contact at B occurs, relay will clear circuit in 
less than 5 sec, unless fuse clears first. If contact 
at A’ occurs first and is less than 70 ohms it will 
clear circuit, if greater, fault will remain on until 
B fault occurs 


Voltage available to break down drop wire insula- 
tion approximately 4,000 volts 


Voltage across fuse approximately 4,000 volts 
Relay operation practically independent of load 


Protector blocks operate 
Fault current up to about 300 amp maximum 


Relay clears circuit in less than 5 sec on contact 
at A unless fuse clears circuit 


Circuit may be cleared by fault Bif fault imped- 
ance is low and if single-phase load beyond B is 
about 650 kva or more 


If fault B occurs first, voltage available to break 
down drop wire insulation, or voltage across fuse 
after it blows, may be approximately 3,400 to 
4,600 volts in case of very large load beyond B, 
but will generally be approximately 4,000 volts 


Same as above, except requires about 1,000 kva 
3-phase load to trip circuit through fault at B 


Protector blocks operate 


Fault current at B may reach 50 amp and clear 
circuit if single-phase load is about 650 kva or 
more; or fuse may clear circuit; or current at A 
will clear circuit if impedance is 70 ohms or less 


Maximum current without tripping, 50 amp 


Voltage available to break down drop wire insu- 
lation, 4,000 volts or more, approaching 6,900 
volts as impedance from bus to ground through 
A approaches zero. However, higher voltages 
remain on for less than 5 sec 


Same as above, except requires about 1,000 kva 
3-phase load to trip circuit through fault at B, 
and voltage on drop wire may be from 2,000 to 
4,000 volts; or 6,000 to 6,900 volts when imped- 
ance at A is zero 


Protector blocks operate 


Fault current less than 60 per cent of load current 
previous to fault, and may operate relay if load is 
650 kva, single-phase or more; or fuse may clear 
circuit. Voltage across fuse, 4,000 volts. Voltage 
to break down drop wire insulation, 4,000 volts 


Protector blocks operate 


Fault current less than 1/3 of balanced 3-phase 
load current; may operate relay if load is about 
1,000 kva or more; or fuse may clear circuit 
Voltage across fuse 2,000—4,000 volts 


Voltage to break down drop wire insulation 2,000- 
4,000 volts 


Secondaries connected delta. Ground relay set for minimum 
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The cost of the grounding transformers and ground relays 
for the 6,900-volt distribution system would be about $12,000. 


The application to the telephone system of alternative safety 
measures considered would cost substantially in excess of the cost of 
the power system measures and does not appear justified in this case. 
Therefore, the cost of the telephone plant would be about the same 
in joint use with either power system. 


With the additional protective measures provided for the 6,900- 
volt distribution system, the safety of joint use would compare favor- 
ably with that obtained under present conditions. 


The adoption of the higher voltage in the power system appears, 
therefore, to provide the best engineering solution in this case and 
joint use of facilities apparently may be entered into in all instances 
in Staten Island where the 2 services should preferably be placed 
on the same poles. 


Investigation of 
Rail Impedances 


Measurements of impedance made on 5 
sizes of rails and on 2 types of bonds are 
reported in this paper; the investigation 
covered a range of current per rail of 20 
to 900 amp, and frequencies of 15 to 60 
cycles per second. Results are given in a 
form convenient for engineering use, and in- 
clude information for applying corrections 
for bond impedance and for temperature. 


By 
HOWARD M. TRUEBLOOD 


MEMBER A.I.E.E. 


GEORGE WASCHECK 


NONMEMBER 


Both of the American Tel. & Tel. Co., New York, N. Y. 


Pe results of experimental 
work, done in 1929 and 1930, to determine imped- 
ances of railroad rails over a range of frequencies 
and currents are given in this paper. The results 
are divided in a general way into 2 groups: one hav- 
ing to do with certain questions of general interest 
concerning rail characteristics (Figs. 3 to 8, and 
Tables I to VI), while in the other the data is pre- 
sented in convenient form for engineering use (Figs. 
9 to 15, and Table VII). 


Full text of a paper recommended for publicatiou by the A.I.E.E. committee 
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tion, New York, N. Y., Jan. 23-26, 1933. Manuscript submitted Oct 10 
1933; released Noy. 9, 1933. Not published in pamphlet form : 


898 


The joint subcommittee is continuing its studies in 
other areas since the results of this study are not 
necessarily applicable where different conditions 
might influence the results to an important ex- 
ten, 

The authors wish to express their appreciation 
to the members of their project committee and 
particularly to Mr. L. F. Fox and Mr. A. A. William- 
son of the New York Telephone Company and Mr. 
J. H. Lytle of the Staten Island Edison Corporation 
for their assistance and cooperation in carrying out 
the study upon which this paper is based. 


A feature of the investigation is the detailed ex- 
ploration of the electromagnetic field on and near the 
surfaces of the rails, the object of which was to put 
methods of calculating the impedances of circuits 
involving rails on a satisfactory basis. This part of 
the work has resulted in suggesting a practical mean- 
ing for the term “‘internal reactance’ as applied to 
rails. This is explained and the term is adopted 
tentatively and used in setting forth results, which, 
however, are given also in form suitable for use in 
methods of calculation which involve “‘total’’ re- 
actance. 

Measured total reactances of the rail checked 
within 1 per cent the sum of the observed “‘internal’”’ 
reactance and the calculated “‘external’’ reactance. 
In calculating external reactances results show that 
for traffic rails of usual design it should be satisfactory 
to assume the rail to be equivalent to a cylindrical 
conductor, the circumference of which is equal to the 
rail periphery. 

Brief discussions are given of the methods and 
results of the investigations of bond impedance and of 
temperature effects. Data respecting the chemical, 
electrical, and magnetic properties of the rails are 
given, the degree of similarity among the different 
rail samples is discussed, and single curves for the 
resistance and the internal reactance of the ‘“‘best 
representative rail”’ are shown. 


INTERNAL REACTANCE 


Some explanation perhaps is needed with respect 
to “internal” reactance as the term is used in this 
paper. The usual engineering calculation of the 
reactance of a circuit involving parallel straight con- 
ductors proceeds from the assumption that the mag- 
netic field due to the current in a single wire is strictly 
circular and coaxial with the wire, even in the close 
neighborhood of the wire. Usually the total reac- 
tances “‘to infinity’? appear as the self-reactances in 
the computation, there being no point in distinguish- 
ing between internal and external reactance under 
the assumption of exact circular symmetry. Al- 
though the idea of internal reactance is clear and self- 
defining only for round wires where circular sym- 
metry obtains, the practical need for the concept, or 
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for something equivalent, appears only when the field 
departs radically from circular symmetry as in the 
case of a railroad rail carrying current. A common 
procedure in such situations is to imagine the rail 
_or other irregular conductor replaced with an 
“equivalent” conductor. This latter is a straight 
round wire of zero internal reactance and of such 
a diameter that its external reactance ‘‘to infinity” 
is the same as the total reactance of the actual con- 
ductor. The fixing of the radius of the equivalent 
conductor of course requires a knowledge of the 
total reactance of the actual conductor, which, in the 
case of a steel rail, usually is inferred from measure- 
ments of its reactance out to a parallel wire suffi- 
ciently remote to insure that the field at this wire 
and at all points beyond is sensibly circular. 

This method of handling the problem is convenient 
and for all ordinary purposes it is sufficiently accu- 
‘rate. By itself, however, it does not assure the reli- 
ability of any calculated results for circuits involving 
conductors closer to the rail than the wire used in 
the measurements from which the total reactance of 
the rail is inferred, and of course does not touch the 
question of the shape of the field in the near vicinity 
of the rail. There are practical situations in which 
the latter may be important. An example is the 
self-impedance of a rail with ground return, where 
the separation between the surfaces of the conductors 
forming the 2 sides of the circuit (the rail and the 
earth) is of the order of the height of the rail itself. 
To apply the formula given by Carson,” which con- 
tains a term representing internal impedance, re- 
quires that a meaning be assigned to this term in the 
case of the rail. 

Considerations of this nature suggest that gener- 
ally it would be convenient to conceive the reactance 


1 References are at the end of the paper. 


of such conductors as rails to be made up of 2 parts: 
(1) a part, which may be called internal, depending 
upon the material and geometry of the conductor 
itself, and varying with such conditions as tempera- 
ture, saturation, etc., much as does the resistance; 
(2) a part to be calculated on the circular symmetry 
assumption, as with round wires, which, in contrast 
with the other, may be called external. 

In adopting this point of view in the present paper, 
the internal reactance has been taken as the reactive 
component of the longitudinal electric intensity at 
the point of the rail periphery where it is a maximum. 
The line of the magnetic field that touches the periph- 
ety at this\point, and is elsewhere outside of the 
periphery, is then the boundary separating internal 
and external reactance. This line is sufficiently 
nearly circular in shape to allow calculation of the 
external reactance, with the precision needed for 
engineering purposes, outward from a circle of speci- 
fiable radius that is centered on an axis of current 
concentration at a specifiable position in the rail 
(see Figs. 5 and 6). ‘“‘Internal’’ as used in this way, 
of course, does not mean within the substance of the 
rail, part of the magnetic field concerned being out- 
side the latter. The usage is appropriate, however, 
in that it signifies close association with the rail it- 
self. It is also a useful way of extending the idea 
of internal reactance in a round wire to the compli- 
cated case of the rail, whereas it is difficult to see how 
the reactance associated with the field in the interior 
of the rail alone could be of practical value in calcu- 
lations. 

It is not intended to imply that the use of the 
equivalent conductor or total reactance method 
should be superseded by one based upon these con- 
cepts of internal and external reactance; on the 
contrary, the results of the experiments are given 
(in Fig. 14) in a form suitable to the former. 


EXPERIMENTAL METHODS 
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P, leads (all in twisted pair) to measuring terminals of potentiometer. 
3 ft; for 85- and 100-Ib rails, 4 ft 6 in.; for 130-Ib rail, 5 ft 
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Diagram of circuit arrangements for impedance measurements on single rails 
Dimension ‘A’: for 60-Ib rail, 


used for most of the work is 
shown diagrammatically in 
Fig. 1, as set up for measure- 
ments on single rail samples. 
Where a bond was under in- 
vestigation the same circuit 
dimensions were maintained 
by wrapping the bare cable 
once around the rail and braz- 
ing at the top and the upper 
surface of the base on each 
side. Allconductors provided 
for measurement of rail volt- 

= age were connected to the rail 
Bane by soldering to 2 small brass 
potential taps which were 
soldered to the web of the rail 
halfway between the base and 
top. Tests showed that the 
distance between adjacent 
current and potential termi- 
nals was ample for the elimi- 
nation of end effects. 
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The voltage measuring conductors may be di- 
vided into 3 groups, the first consisting of No. 18 
B.&S. gauge wires with enamel and single cotton 
insulation, stretched parallel to the rail axis along the 
rail surface and touching it, but insulated from it 
except at the ends. These are called ‘“‘surface wires” 
in the following, and the resistances, reactances, etc., 
measured with them are called ‘“‘surface resistances,”’ 
etc. There were 7 positions for these wires in the 
routine testing, as shown by small letters in Fig. 2. 
The second group, called “exploring wires,’ were 
similar to the surface wires, except that they were 
held in close proximity to the rail surface instead of 
against it. They were used only in measurements 
on the 60- and 130-lb rails, in positions shown in Figs. 
5 and 6. The third group was represented by a 
single No. 12 B.&S. gauge wire (hereafter called the 
“outer wire’’) parallel to the rail at a distance of about 
10 ft, the ends being connected to the potential lugs 
by means of wires at right angles; the whole circuit 
formed, with the rail, a rectangular loop in a plane 
perpendicular to that of the test current loop. 

In an earlier set-up used in measurements on the 
90-lb rail and some of those on the 130-lb rail, the 
planes of the current supply and outer voltage loops 
made an angle of approximately 108°. In this ar- 
rangement, three lengths of 90-lb rail were used, 
welded together by the thermite process. The same 
sample of 130-Ib rail was tested with both this and 
the final arrangement of the test circuits, and agree- 
ment within 2 per cent was obtained. 

Measurements of rail current and voltages were 
made with an a-c potentiometer developed according 
to the design of E. C. Wente.* The potentiometer is 
of the null type, with a precision of at least 1/2 per 
cent in magnitude and 0.2 degree in angle. A low 
frequency amplifier and a low pass filter were used in 
the detector circuit, and values of resistance, react- 
ance, and impedance given throughout this paper are 
those corresponding to the fundamental frequencies. 
Close checks were obtained on measurements of 


magnitude by the potentiometer and by a vacuum 
tube voltmeter. 

Temperatures were measured with 2 thermometers 
at the 1/3; points of the rail sample, with bulbs laid 
against the bottom of the web (e position, Fig. 2) 
and covered with putty. The average of the 2 ther- 
mometer readings was taken as the temperature of 
the sample. Frequency was measured with a fre- 
quency meter of the vibrating reed type. 


RAIL SAMPLES 


Rails used in the tests were loaned by the Virginia 
Electric and Power Company, the Chesapeake and 
Ohio Railway, and the Richmond, Fredericksburg, 
and Potomac Railway, whose courtesy is gratefully 
acknowledged. There was only 1 sample of the 85-Ib 
rail and 1 of the 100-lb rail, 2 each in the 60- and 130- 
lb sizes and 3 samples of the 90-lb rail. All samples 
were new, except the 2 60-lb rails. These had been 


60 Ib. | 85 Ib. | 90 Ib. | 100 Ib.-} 130 Ib. 
Rail Rail Rail Rail Rail 
A Dab QYb || 24h || 2h) SB We 
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3 7 ie F 
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H Ae Sie |p 6 
! 2 He 2 Ws 2 Wes Note: 
Small letters in the table show location 
J 4 tn 5 hs 4 oi of measuring wire (see diagram above) 
: for Pesaro ens of resistance and 
Pp ] 3 3 internal reactance. 
ee eka i BO et Ig Dimensions in inches. 
See Note t t f | a 


Fig. 2. Dimensions of test rails and locations of 
surface wires for routine tests 


Table I—Comparison of Surface Impedances of 2 Supposedly Similar Rail Samples 


Surface Reactance** 


Surface Resistance** 


Perec. . Current Point of 
ai eight, requency, in Rail Measure- Regular Check Per Cent Re 
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* See Fig. 2. ** In milliohms at 70 deg F for 24 ft of rail. 
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Table II—Chemical Analyses of Rails 


Table IV—Specific Resistance of Rails 


———s 


Average Content, Per Cent 


First Second 

Element Group Group 
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Table IlI—Magnetic Characteristics of Rails 


Permeability, c.g.s. Units 


Induction 
Rail Initial Maximum for Maximum 
Weight, Se Permeability, 
Lb Per Yd Magnitude Range (%) Magnitude Range (%)  Gausses 
60 90! (et NE 535. . 9 aie nt OOO 
85 . .95 .23 615. . 30 fe = 4,000 
90 Sie, 90 Saets) 509 16 ... .6,600 
100 65 . O+ 386 9 ae OSG 
130 6 | Borer eee O= 356 5 .. 6,000 


in service, but, while somewhat rusty, they showed 
only slight evidence of wear. 

The 3 90-Ib samples were welded end-to-end as 
already mentioned, and the length of rail, between 
potential terminals included all of the middle and 
most of the end rails. The results thus represent 
averages for the 3 rails. To determine the character 
of the welds, one of them was sawed through when 
the assembly was taken apart. The weld appeared 
to be practically perfect; hence, there was no reason 
for suspecting that the welded joints might have 
caused irregularities. 

Most of the measurements on the 60- and 130-lb 
rails were made on one sample; check measurements 
were made on the other at a low and a high current, 
and at 25 and 60 cycles. Comparisons are shown in 
Table I. 
shown should average out in a long stretch of rail. 
In contrast with these variations, a single sample 
was found to be remarkably uniform. Thus with the 
130-Ib rail at 25 cycles, the surface impedance of the 
middle 12 ft differed in magnitude from half of the 
result for the full 24 ft by not more than 1.5 per cent 
for any of the 7 regular surface wire positions (Fig. 
2) and the difference in the angle did not exceed 1° 
in any case. This was with rail currents of 200 and 
also 400 amp. Equally consistent results were 
noted at 60 cycles. 

If all rail samples may be considered similar, the 
resistance and internal reactance each multiplied 
by the rail perimeter should be approximately the 
same, respectively, for all samples, at fixed frequency 
and fixed current per inch of periphery. Computa- 
tion of these 2 products showed that, on the whole, 
- the deviations of their values for the 85- and 100- 
Ib rails from averages taken over all samples were 
about the same as for other rail sizes for which more 
than one sample was available; that is, the evidence 
from this study is that the 85- and 100-lb samples 
were of as representative a*character as the others, 
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To a large extent, differences such as those. 


Specific Resistance 
at 70 Deg F 
pvohms-Cm?/Cm 


Temperature Coefficient 


Weight of Rail, 
Per Deg F (70 to 160 Deg F) 


Lb Per Yd 


60.. .19.8 siesta ene Ol 44 
Sone. oe ; 0.159 
90... apd a: 0.131 
100.. APNEA 0.152 
130... 22:0 0.146 

Means .20.8 Dehok ementOl 46) 


and results from the former are given without at- 
tempt at correction because of their possible non- 
representative character. 


CHEMICAL, MAGNETIC, AND 
ELECTRIC PROPERTIES OF THE RAILS 


Chemical analyses of the material in the rails 
classify them into 2 groups, characterized primarily 
by silicon content and to a smaller extent by content 
of sulphur and phosphorus. The first group (low 
silicon) comprises the 60-, 85-, and 90-lb rails; the 
second group, the 100- and 180-lb rails. The prin- 
cipal features of the chemical analyses (average of 
3 rails for the first group and of 2 rails for the second) 
were as shown in Table IT. 

For the magnetic tests, samples were machined 
from the head, the web, and the base of a rail of each 
size tested. The more significant results are given 
in Table III. 

Figures for both permeabilities are for the particular 
machined sample giving the largest value. Figures 
for range represent extreme variations among differ- 
ent machined samples. 

Measurements of the specific resistance and its 
temperature coefficient gave the results shown in 
Table IV. 

Temperature coefficients are expressed as percent- 
ages of the resistance at 70 deg F. The coefficient was 
found to be constant over the range indicated within 
the precision of the measurements. 

The laboratory determinations of chemical, elec- 
trical, and magnetic properties were made by the 
Bell Telephone Laboratories, Inc. 


BONDS 


Two kinds of bonds were tested. The first, called 
the “‘short’’ bond, consisted of stranded twin conduc- 
tor equivalent in conductance to No. 4/0 B.&S. 
gauge copper and about 7 in. long. In practice and 
as in these tests, the ends of the bond were brazed to 
the heads of the rails on either side of the joint, a 
single bond being used. The second bond, called 
the ‘“‘long’’ bond, was of the expanded terminal type, 
and consisted of a single stranded conductor 33-in. 
long with conductance equivalent to No. 3/0 B.&S. 
gauge copper; this bond had sleeves at each end for 
insertion into */,-in. holes in the web of the rail, ex- 
pansion against the inside of the hole being accom- 
plished by a steel pin driven into the sleeve. Two 
bonds of this type, one on each side of the rail, were 
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Fig. 3. Surface resistance and reactance at regular 
positions of surface wires where they were maximum 
and minimum; temperature, 70 deg F 


0 100 700 800 


Small letters indicate locations of surface wires (See Fig. 2) 


utilized for each joint. Standard fishplates arranged 
in the usual way (one on each side of the rail) were 
used for joints with both types of bonds, the long 
bonds being between the fishplate and the rail. 

Tests for the effects of bonds were made only on 
the 60-lb (short bonds only) and 130-lb rails (both 
types of bonds). Measurements were made at all 
4 frequencies and over the whole range of current. 


RESULTS AND DISCUSSION 


Results in form for practical use are given in Figs. 
9 to 15, inclusive, and in Table VII. In the curves, 
the internal reactance is the surface reactance at that 
one of the 7 regular measuring positions where it was 
largest, and the resistance is the surface resistance at 
the same point. For the 100- and 130-lb rails, this 
is position a, Fig. 2; for the others, it is position f. 
The resistance was found to be practically identical 
with the resistive component of the voltage drop as 
measured in the outer wire. Within the precision 
of the measurements, the 2 components of surface 
impedance had their maxima at the same peripheral 
position (see Fig. 4) as would be expected from theo- 
retical considerations. 

From a more general point of view, features having 
sufficient interest to warrant discussion include the 


902 


ap ul 130 - LB. SINGLE RAIL pee ar} ~ z 
LO} hy Tat en he Raha! i 
9 Pas or "Wiss eae = 
SnNae ere ee 
ER OO OB ep) 
ae \. Pee imped 
= is a T7713 
t ty 800 Amp. 25 Cycle Reactance - Scale A ts 
A al] | -------- 75 Amp. 25 Cycle Reactance - Scale B = 
5 3 Sere ey Oa oa ee ees 
Yn 
= 
6 id Hel 130-LB. SHORT BONDED RAIL HBA 
= - IN 600 Amperes - 60 Cycles fae 
. N 
re ct \ Reactance PaaS: 
i ec tas (an ea a 
ie | Nw UNBONDED SIDE | ZAeonoeo sive] | 
: ss 7 
ATOME Stem 
a b (65 d e f g 
0 2 4 6 8 10 12 14 


INCHES - SEMI - PERIMETER 


Fig. 4. Variation of surface resistance and reactance 
around rail periphery at constant rail current; tempera- 
ture, 70 deg F 


Small letters refer to positions shown in Fig. 2 


field at the surface and in the immediate vicinity of 
the rail, the degree of concordance of results from 
the various rail samples, the effects of bonds, and 
temperature effects. 


FIELD ON THE SURFACE AND IN THE VICINITY OF 
THE RAIL—INTERNAL REACTANCE 


Surface resistance and reactance were measured 
for all samples at all currents at the maximum and 
minimum points, f (approximately) and e for the 60-, 
85-, and 90-Ib rails, a and e for the 100- and 130- 
Ib rails. Typical results are shown in Fig. 3. The 
differences in resistance were small for all rails, 
running from about 2 per cent at high currents to 
about 8 per cent at low currents, whereas the surface 
reactance differed at the 2 extreme points by as much 
as 2 to | for the large rails at low currents. Typical 
results of more detailed examinations of the field 
around the periphery, with 11 points of observation 
in addition to the 7 regular ones, are shown in Fig. 4. 
The secondary maxima appearing in these curves at 
or near point f become the principal maxima for the 
3 smaller rails (for which no curves are shown). 
In the 85-Ib rail surface reactance at 40 cycles and 
500 amp, for example, the f/-maximum exceeds the 
a-maximum by about 2 per cent. The effect of a 
bond in distorting the field around the periphery is 
shown in the 2 lowest curves of Fig. 4. In obtaining 
these curves, the surface wires were placed over the 
fishplates on both sides in passing the joint. A com- 
parison of results with wire d under, and then over, 
the fishplate showed that considerable flux threaded 
the fishplate. 

In Figs. 5 and 6 are shown the results of measure- 
ments of reactance in the vicinity of the rail. The 
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data are plotted without adjustment other than for 
temperature and for small accidental variations in 
rail current. The flattening of the field at the upper 
corners of the head in the diagrams for 60-lb rails, 
confirmed by iron-filing figures, possibly is due to a 
hardening of the rail under service conditions. 

As the diagrams show, the maximum surface re- 
actance, which as previously stated is taken as the 
internal reactance, occurs near the lower corner of 
the base in the 60-lb rail and (substantially) at the 
center of the top of the head for the 130-lb rail. 
The lines of the field through these maximum points 
(e.g., the 1,100-» ohm line in the 75-amp diagram of 
Fig. 6) are the boundaries separating internal and 
external reactance according to the scheme previously 
explained. 

In each diagram, the broken-line circle is the one 
to be used in calculations of external reactance, in 
accordance with the ideas advanced at the beginning 
of this paper. This circle, of course, is merely a 
mathematical convenience; and, while its exact 
location and diameter are of little practical impor- 
tance, that figures agreeing as well as those of Table V 
should be obtained for samples so different and 
for so wide a range of conditions is of interest. The 
center of each circle is located halfway between the 
2 points in which the line of the magnetic field sepa- 
rating internal and external reactance, as described 
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Table V—Circle for Calculating External Reactance of Rails 


Rail Frequency Location of Diameter 
Weight, Cycles Rail Center of Circle* of Circle* 
Lb Per Current, 
Per Yd Second Amperes_ Ah, inches h/ d, inches ad/p 
PSO en aracn: 60. EeLo: oe dO . .0.42 Bere, ab eur eusy oe OSO4: 
60. . 700 elo . 0.42 Msn lOc as Oso 
25 ae ..2.80 OA Dier ne ads OU teicher 0.93 
DE enero ZOO ees IA Ti eee OBAO No raed si O fetecssate 0.96 
GID) eosin. ohh Ou ob olga hSetocoad Ze 2 Obrater OO Sereno (AOE Ain orc 6 OL betes 
Ow erocseyece 700 Weea LO MO LOO meee ORO Orbea otc a OO 
QOere sete 75 er LO . 0.50 een 0 Olen LOO. 
inc chareene CAV rarccmiee 2.10 . 0.50 ROL OO see rie kL OO. 


h = distance of center of circle above bottom of flange. 
d = diameter of circle. 

H = height of rail. 

p = perimeter of rail. 
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in the preceding paragraph, cuts the vertical line 
through the rail axis. The radius is taken as the dis- 
tance from the center to the point at which the line 
of the field just mentioned touches the rail contour. 
For example, in the right-hand half of Fig. 5 the 
center is (approximately) halfway between the lowest 
and highest points on the 1,250-u ohm curve, and 
the radius is the distance from this center to the tip 
of the base. 

Comparisons of reactive voltages observed in the 
outer wire (Fig. 1) with the sum of the observed in- 
ternal reactance and the external reactance, the 
latter calculated as described, show discrepancies of 
less than 1 per cent. For traffic rails of usual struc- 
tural design, it should be entirely satisfactory to 
take the circumference of the external reactance 
circle equal to the rail periphery. 


REPRESENTATIVE RAIL 


Composite curves for resistance and internal re- 
actance, based upon all the rails used in the tests, 
are shown in Fig. 7. The dotted lines show the 
maximum errors that would be made in applying the 
solid curves to find the components of impedance of 
any tested sample at any of the 4 test frequencies. 
These deviations amount at the most to about 15 
per cent. The curves could not be used, however, 
with an expectation of this precision, for high-per- 
meability high-conductivity rails such as the excep- 
tional 100-Ilb rail of Kennelly, Achard, and Dana 
mentioned later. Using a least square method, the 
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Fig. 6. Magnetic field in vicinity of 130-Ib rail at 
70 deg F 


Small circles show locations of exploring wires. Figures on 
curves represent reactance in wohms for 24 ft of rail 
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values of the exponent of the frequency appearing in 
the ordinates were found to be 0.47 for the resistance 
and 0.62 for the reactance. The values used in 
plotting the curves, 1/,and ?/3, respectively, are more 
convenient in using the curves and are sufficiently 
accurate considering the character of the data. 


EFFECTS OF BONDS 


To determine the effects of bonds, the surface 
impedance of 24 ft of rail, made up of 12 ft each of 2 
similar rails having the bond between them, was 
measured. From the result, an impedance equal to 
the average impedance of the 2 rails, 24 ft of each, 
was subtracted; the result was the bond impedance. 
This method, while obviously capable of improve- 
ment for refined investigations, was sufficiently ac- 
curate for engineering purposes and saved a good 
deal of time. 

The short-bond tests showed differences in the 
impedance of the bond as applied to the 2 sizes of rail 
tested (60- and 130-lb). The impedance on the 
whole was somewhat larger for the 130-lb rail, but 
for both components the sign as well as the magnitude 
of the difference depended upon frequency and cur- 
rent. These differences, while they were frequently 
substantial fractions of the bond impedance itself, 
were small parts of the impedance of a rail bonded 
at usual spacings; thus, for practical purposes, the 
results could be averaged, as shown in the 8 curves 
of the upper part of Fig. 15. The maximum error in 
the use of these curves for either rail with bonds at 33- 
ft intervals, is estimated at 3 to 4 per cent in resist- 
ance, and 1.5 per cent in reactance. 
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Fig. 7. Composite curves of resistance and internal 
reactance at 70 deg F for single continuous rai! 


Curves are based on results from 9 test samples at 4 frequencies. 
Dashed curves are envelopes of maximum deviations, all samples 
and frequencies 
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The short-bond resistance showed well-marked 
maxima with respect to rail current at all frequencies 
and the reactance showed similar, though flatter, 
maxima. The maximum was found to occur uni- 
formly at a smaller current for the 60- than for the 
130-lb rail, and, with a single exception, the magni- 
tude of the maximum was increased when the fre- 
quency was raised. The resistance and reactance 
of long bonds were found in every case to exceed cor- 
responding quantities for short bonds, the variation 
with rail current being like that for short bonds, but 
with broader maxima. 

Since the long-bond data were taken only for the 
130-lb rail, it seemed best to express the long-bond 
impedance in terms of its ratio to the short-bond 
impedance; this is done in the 2 lower curves of Fig. 
15, which apply to all 4 frequencies. It is estimated 
that the maximum error in the calculated resistance 
of a length of rail, bonded with long bonds at usual 
intervals, arising from the use of these lower curves, 
would not exceed 1.5 per cent. The estimated maxi- 
mum error in calculating the resistance of a length 
of long-bonded rail, due to the combined inaccuracies 
in both sets of curves in Fig. 15, is then about 5 per 
cent. The precision in internal reactance is possibly 
not quite so good, owing to inaccuracies involved in 
taking the lowest curve of Fig. 15 as fully representa- 
tive. These statements concerning precision apply 
to extreme cases of deviations of individual measure- 
ments from the curves of Fig. 15, at currents chosen 
to give an unfavorable ratio of bond impedance to 
continuous rail impedance. In the average case, 
the errors would be much smaller, perhaps half 
as large. It is probable that variations due to the 
condition and tightness of fishplates,* imperfect 
contacts in the case of pin-type bonds, etc., are larger 
than this in practice. 


TEMPERATURE EFFECTS 


To systematize collection of temperature data, 
so-called “heat runs’ were made, covering all rails 
except the 90-lb size. In these tests, alternating 
currents of suitable values were run through the 
samples to heat them. Particularly in measurements 
at large currents (700 to 900 amp) with low ambient 
temperatures, fluctuations in rail temperature were 
unavoidable; but even in extreme cases the variation 
in temperature while a set of readings was being 
made was seldom more than 1.5 deg F. The con- 
siderable stretch of time covered by the experi- 
ments (conducted during intervals of another investi- 
gation) afforded a wide seasonal range of ambient 
temperatures and made it possible to secure satis- 
factory checks on the adequacy of the scheme of 
using ordinary thermometer readings for the rail 
temperature. The character of these checks may be 
seen in Fig. 8. 

The main results may be stated as follows: 


1. The rate, in ohms per degree, at which rail a-c resistance or rail 
internal reactance increases with rising temperature is substantially 
constant from 30 to 120 deg F (0 to 50 deg C) and is substantially 
the same whether the temperature changes affect the entire rail, 
or are effected by methods that concentrate the generation of heat 
in a superficial layer. 
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2. There is no consistent variation in the coefficients with magni- 
tude of rail current, with frequency, or with size of rail. 


3. Over-all averages of observations at all frequencies, all currents, 
and all temperatures are shown in Table VI. 


4. The temperature coefficient at the position of minimum elec- 
tric intensity on the rail periphery is consistently larger than at a 
position of maximum or large electric intensity, especially for the 
130-lb rails. 


5. For the 60-lb bonded rail, the temperature coefficients are very 
nearly the same as for continuous rails. For 130-lb rails, with both 
short and long bonds, however, the temperature coefficients are 
both higher (running up toward 0.2 per cent on the average)than 
for continuous rails. 


COMPARISONS WITH OTHER RESULTS 


Kennelly, Achard, and Dana’ made impedance 
measurements on 10 traffic rail samples of 5 different 
weights per yard, most of the work being at 25 and 
60 cycles. The 100-lb rail used in the present tests 
ran from 0.5 to 6 per cent lower than the lowest of 
their 4 similar 100-Ib rails in skin-effect resistance- 
ratio and in total reactance. A fifth 100-lb rail 
investigated by them, of high permeability and low- 
resistance, showed differences from the other 4 as large 
as 80 per centinresistance. Theirresultsfrom2 90- 
lb rails agree well with those obtained from the 
authors’ 90-lb sample; results from their single 60-Ib 
rail are more divergent from those of this paper. On 
the whole, one may say that for rails of the same size 
and of comparable permeability and resistivity char- 
acteristics, their results agree with the results given 
here about as well as the results from different 
samples of similar rails in either set of experiments 
taken by itself. 

The work of E. R. Benda,® published in 1931, did 
not come to the authors’ notice until after the present 
experiments had been completed. Experimenting on 
a single rail sample, evidently with ideas similar to 

those underlying the work with which the present 
paper is concerned, he found minimum resistive and 
reactive components both at position e of Fig. 2, 
as in all rails tested by the authors, with the inaxi- 
mum reactive component at a, as in the present 100- 
and 130-lb rails. The maximum resistive com- 
ponent, at position f as with the present 60-, 85-, 
and 90-Ib rails, was practically the same as at a. 

From field explorations like those illustrated in 
Figs. 5 and 6, Benda located the centroid of total 
rail current about 0.3 of the distance from bottom of 
base to top of head, and found that the magnetic 
field became practically circular at a distance from 
this centroid equal to about 1.35 times the radius of 
an “equivalent conductor,” defined as the circular 
conductor of circumference equal to the rail periph- 
ery with axis coinciding with the current centroid. 
(Note that this is not the same as the “‘equiva- 
lent conductor” previously mentioned.) The re- 
actance at the surface of this conductor, calculated 
from the observed reactance at the point at which 
the magnetic field becomes circular, was found to 
be the same as at the top of the head, where it is a 
maximum. This led Benda to suggest that this 
reactance be taken as the internal reactance of the 
rail, and thus that the external reactance be calcu- 
lated from the surface of the ‘‘equivalent conductor’”’ 
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rail periphery (see Fig. 2). Figures represent rail current 
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Table Wl—Temperature Coefficients as Percentages Per 
Deg F, of Resistance and Internal Reactance at 70 Deg F 
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outward. The practical consequences of the differ- 
ences between this suggestion and the scheme pro- 
posed in this paper are insignificant. 


DATA FOR PRACTICAL USE 


These data (Figs. 9 to 15, and Table VII) are ap- 
plicable, of course, only to rails generally similar to 
those tested; and in considering this point, Tables 
II, III, and IV, and Fig. 2 may be consulted. The 
d-c resistances of the rails are shown in Table VII. 

Curves for the 90-lb rail are in effect means of re- 
sults from 3 samples, as already explained; those for 
the 60- and 130-lb rails represent means from 2 
samples of each of these sizes. Curves for the 85- 
and 100-Ib rails are from single samples, believed to 


905 


Table VII—D-C Resistances of Rails 
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Rail Weight, Ohms Per Mile 
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be of a fairly representative character. Curves of 
Fig. 14 give the total reactance for the test rails, 
that is, the sum of the internal and external reac- 
tances, the latter with infinite flux-radius. In using 
these curves, it should be noted that temperature 
corrections should be based on the internal, not the 
total, reactance. 

Correction for bond impedance is the same for all 
weights of rail; it is about 16 or 18 per cent at the 
largest, but is considerably smaller for most of the 
current range. It is given directly for short (U-type) 
bonds in the 8 upper curves of Fig. 15, and, by apply- 
ing to these data the factors indicated in the 2 lowest 
curves, for pin-type bonds (33 in. long in these tests). 
The corrections, given for bonds at 33-ft intervals, 
_ are, of course, inversely proportional to the interval. 

Temperature corrections, which usually are not 
likely to amount to more than 7 or 8 per cent, may 
be made, after applying the correction for bond im- 
pedance, at the rate of +0.14 per cent per deg F 
excess of temperature above 70 deg F (+0.25 per 
cent per deg C above 21 deg C) for either re- 
sistance or internal reactance. 

In calculating external reactance, the rail-current 
axis may be taken at a point 0.45 of the rail height 
above the bottom of the base, and the diameter of 
the circle to be used in such calculations may be 
taken as rail periphery divided by zr. 
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Fig. 14. Total reactance (return current at infinity) at 
70 deg F of a one-mile length of single continuous 
rail, for each of 5 different weights of rail 
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The curves of Fig. 7 may be useful where the rail 
is of a size different from, but is otherwise generally 
similar to, those tested, or where the frequency is 
different from one of the test frequencies (though, 
of course, not widely different). This figure also 
should be of some value in judging what precision 
may be expected in using data from these rails in 
estimates concerning other similar rails. 

Mr. C. P: Bartgis, Mr. H. Ferris, and Mr.-J. H- 
Harding assisted in the greater part of the field 
tests. Development work on the a-c potentiometer 
was done largely by Mr. H. R. Moore. Among 
those whose advice and assistance contributed 
materially in the experiments or in working up the 
results were Mr. A. E. Bowen, Mr. K. E. Gould, 
Mr. W. L. Gaines, and Mr. K. L. Maurer. 
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Corrections for effects of bonds on rail 
impedance 


Fig.) 15: 


The 2 groups of 4 curves each give, for short bonds, cor- 

rections to be added to the resistance and the reactance 

per mile of a single continuous rail, bonds being assumed 

at 33-ft intervals. The 2 lower curves give the factors by 

which the corrections for short bonds should be multiplied, 
to obtain corrections for long bonds 
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Counterpoises for 
Transmission Lines 


Counterpoises are recommended for pro- 
tecting electric power transmission lines 
against damage from lightning surges where 
other methods do not reduce the tower 
footing surge impedance to the desired 
level. In this paper a physical explana- 
tion of the theory of counterpoises is given 
together with an analytical solution of par- 
allel counterpoise problems. Of the 2 
types studied, the parallel counterpoise 
is shown to be the more effective. 
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een PROGRESS in an 
art can be made only by the development of a work- 
ing theory. It is not necessary that such a theory 
be presented in full perfection. This statement ap- 
plies with particular force to an art such as the pro- 
tection of electric power transmission lines against 
lightning where confirmation by statistical data on 
experimental lines takes many years. One of the 
major problems of protecting transmission lines 
against direct strokes of lightning is related inti- 
mately to the earth conditions of the right-of-way 
over which the line passes. 

After the direct stroke theory was announced in 
1929, many engineers found that poor performance 
on many existing lines was attributable mainly to 
high tower footing resistance. In many cases it was 
found almost impossible to effect sufficient reduction 
of this resistance by means available at that time. 
The counterpoise, consisting of cables connected to 
the line towers and buried in the ground offers a solu- 
tion to this difficulty. Counterpoises in general 
are of 2 types: the “crow’s foot’ consisting of 
cables extending radially from the corners of the 
towers; and the parallel type consisting of cables 
extending from the towers parallel to the line. 

In this paper both the crow’s foot and parallel 
types of counterpoises are analyzed from a theoretical 
standpoint, and a mathematical analysis of parallel 
counterpoise problems is given. An example illus- 
trating the method of calculating the protection 
level of a line equipped with a parallel counterpoise 
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also is given. From the studies upon which this 
paper is based the following general conclusions may 
be drawn: 


1. Where the earth resistivity is low, no special measures may be re- 
quired to obtain tower footing surge impedances of 10 ohms or less; 
the tower foundation structures provide the necessary surface “‘leak- 
ance.” ; 
29. Where the earth has fairly low resistance, the normal tower 
surge impedance may be reduced economically by the use of driven 
grounds. 


3. Where the resistivity of the earth is high, driven grounds have 
been found to be inadequate and sometimes impractical. For such 
cases the remedy now is indicated to be the use of counterpoises. 


4. Counterpoises have been analyzed and classified as follows: 
(a) those consisting of wires at right angles to the direction of the 
line which have the effect only of lowering the surge impedance of 
the tower footings; (b) those consisting of wires parallel to the di- 
rection of the line which have the effect of not only reducing the surge 
impedance of the tower footings, but also reducing by mutual 
coupling the difference of potential between line conductors and the 
tower top. The parallel counterpoise is, therefore, the most effec- 
tive type, and methods of calculation are presented for the first 
time that allow analysis of this type of problem. 


5. Where a cross-wire counterpoise is used in combination with a 
parallel counterpoise, its surge impedance should be considered inde- 
pendently of the parallel counterpoise and in parallel with the nor- 
mal tower footing surge impedance; their resultant surge impedance 
then should be used in the calculations in place of the normal tower 
footing surge impedance. 


6. To obtain the optimum effect with a given length of wire, where 
the earth resistivity is not very high, but too high to be taken care of 
by driven grounds, it may be advantageous to extend the counter- 
poise for only a portion of the distance between towers. Where 
the resistivity is very high, however, the counterpoise should be ex- 
tended for the whole distance. 


7. Fora projected line tests may be required to predetermine what 
method of auxiliary grounding will be necessary. For practical 
estimating purposes, where a line is to be erected on ground with 
high resistivity a parallel counterpoise consisting of 2 or more wires 
extending from tower to tower may be considered to make the line 
equivalent to one having tower footing surge impedances of 10 ohms, 
and the clearances and insulation can be calculated on that basis. 
This value of 10 ohms has yet to receive confirmation, but to the 
author’s best knowledge it is a fair value to use at present in pro- 
jecting a line. 


REVIEW OF Past DEVELOPMENTS 


Since this paper is a further extension of the 
theory of protection of transmission lines against di- 
rect lightning strokes and necessarily depends on 
much of the theory already established, a brief re- 
view of past developments of this theory seems in 
order. 

The paper by Fortescue, Atherton, and Cox en- 
titled ‘“‘Theoretical and Field Investigations of 
Lightning,” presented at the A.I.E.E. winter con- 
vention in 1929 (see A.I.E.E. TRans., v. 48, 1929, 
p. 449-68) was among the first papers relating to the 
intensive field investigation of lightning with the 
cathode-ray oscillograph started in the summer of 
1928. It presented for the first time before the In- 
stitute the conception of the lightning channel as a 
highly conducting path, after it had become estab- 
lished, having a surge impedance of decreasing value 
in the direction of the point of stroke. In that paper 
the theory of the direct stroke as the cause of outages 
on high voltage transmission lines first was advanced, 
which theory now has become generally accepted. 
Based on the ideas presented in that paper, by the 
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end of 1929 4 principles of protection were estab- 
lished: 


1. Proper configuration of ground wires to shield the line conduc- 
tors against direct strokes. 


2. The importance of maintaining low values of tower footing re- 
sistance or surge impedance at every tower. 


3. Adequate insulation codrdinated with the clearance between line 
and tower taking into account wind deflection 


4. Sufficient distance in the middle of the span between line con- 
ductors and ground wires to prevent side flash to the conductors 
when a stroke occurs at the middle of the span. 


Although these principles were established as the 
result of laboratory work in 1929, nothing definite 
was known regarding the probable magnitude of the 
direct lightning stroke when it strikes a line. The 
lightning investigations were continued for the pur- 
pose of obtaining as much information as possible 
on this point. In 1931 2 of the highest surges ever 
recorded on a transmission line were obtained at 
Ogemaw on the Arkansas Power and Light Com- 
pany system. One of these showed a maximum 
value of 5,000 kv after traveling about 4!/. miles. 
It is estimated that had the wood poles not broken 
down on the front of the wave, the lightning stroke 
probably would have reached a value of 20,000 kv. 
As a result of the laboratory work done in 1930 
and the previous years, 20,000 kv was decided on 
as the probable magnitude of severe lightning strokes 
with the reservation that exceptionally severe 
strokes might reach even higher values, but were so 
exceedingly rare that it would not be practical to 
design lines to withstand these values. 

The portable lightning generator used at Still- 
water, N. J., contributed a great deal to this progress 
in showing the importance of the surge impedance 
of the tower and the reflections set up in the tower 
after a lightning stroke. The effect of this surge 
impedance was expressed in the form of curves and 
added to the theory; it was presented in a discussion 
by J. J. Torok, of the 1931 lightning papers pre- 
sented at the A.J.E.E. North Eastern District 
meeting, Rochester, N. Y., May 6-9, 1931. The 
effect of corona in increasing the coupling between 
ground wires and line wires at midspan and in reduc- 
ing the clearance necessary to prevent side flash due 
to a direct stroke at midspan was added in 1932. 
The complete theory taking into account the surge 
impedance of the towers, the consequent reflections 
in the tower structure, and the effect of corona on the 
coupling factors was given in a paper presented by 
the author before the International Electrical Con- 
gress at Paris in June, 1932, entitled ‘La Foudre et 
ses Effets sur les Lignes Aeriennes.”’ 


COUNTERPOISE TESTS AT STILLWATER 


The preceding introduction outlines the progress 
of the art of protection of transmission lines against 
direct lightning strokes up to the present time, and 
points out the various influences that contributed to 
this development. It may be seen that the present 
theory presumes the ability to obtain low tower foot- 
ing resistance at all points of the line right-of-way. 
As soon as the direct stroke theory was announced 
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in 1929 many utility engineers found that poor per- 
formance on many existing lines was due mainly to 
high tower footing resistance, and set about to 
remedy this condition. In many cases, it was found 
almost impossible to effect sufficient reduction by the 
means available at that time. It was decided, 
therefore, to include in the test schedule at Still- 
water in the summer of 1929 an investigation on 
artificial means for obtaining satisfactory grounds for 
tower footings. This work was done on the 220-kv 
Roseland-Bushkill line of the Public Service Electric 
and Gas Company of New Jersey, which was being 
installed at that time and of which a length of 9 
miles with ground wires omitted was made available 
for these tests. An account of this investigation 
is given in the paper by Conwell and Fortescue en- 
titled “Lightning Laboratory at Stillwater, New 
Jersey,’ presented at the A.I.E.E. winter conven- 
tion of 1930 (see A.I.E.E. TRans., v. 49, 1930, p. 
872-6) and the discussion by A. S. Brookes in which 
further data was added. Although it was impossible 
to carry the work to completion, some interesting 
results, contained in Table I of that paper, were ob- 
tained. Based upon a surge impedance of 450 
ohms for the line and a corona radius of 1/, ft, which 
corresponds to a potential of 500 kv, the depth of the 
ground plane appears to be about 50 ft below the 
surface of the earth. The buried cable, which 
was connected to the footings of towers 39, 40, and 
41, reduced the tower footing surge impedance from 
83 to 44.2 ohms at tower 39; from 128 to 26.4 ohms 
at tower 40; and with tower 41 alone connected to 
the buried cable its tower footing impedance was 
reduced from 46 to 18.8 ohms. The reduction in 
surge impedance of tower 39 indicates that the buried 
cable had a surge impedance of 95 ohms; for tower 
40, it was 33 ohms; and for tower 41, 32 ohms. It 
may be observed that they are fairly consistent. 
The surge impedance in parallel with tower 41 is 
somewhat less than half that in parallel with tower 
39, although practically the same as that at tower 40. 
It may be supposed that the surge impedance at 
tower 40 is affected by reflections from tower 41 and 
that the low surge impedance of tower 41 is due toa 
higher leakage factor at that portion of the right-of- 
way. 

Obviously, the data is too meager to do much with 
in the way of generalization; but if a factor K be 
taken to represent the effect of the capacitance and 
“Jeakance’’ of the buried cable, its value appears to be 
between 8 and 16, which would not be excessive for a 
wire in earth of fairly low resistivity. The equiva- 
lent surge impedance obtained in this manner has, of 
course, no real existence as a constant, but changes 
in value with time and the duration of the applied 
potential. This explains why the d-c measurement 
frequently gives values that are too low. For in- 
stance, if a constant electromotive force be applied to 
an infinite cable in a homogeneous medium of low re- 
sistivity, the current will build up exponentially 
and in time will approach a constant value; ther = 
E/I thus obtained is the equivalent of the footing re- 
sistance as measured by d-c means. The surge im- 
pedance as measured by a surge generator with a 
steep wave is an average transient value and is ap- 
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plicable with a fair degree of approximation to the 
relative short surges produced by lightning. 


GENERAL DISCUSSION OF COUNTERPOISES 


For purposes of discussion a ‘“‘crow’s foot”’ will be 
considered as a counterpoise in which 4 wires extend 
radially from the tower footing at an angle of 45° 
with the direction of the line. The “parallel coun- 
terpoise’”’ shall be considered as one or more wires 
extending in each direction from the tower footing 
parallel to the transmission line. The parallel 
counterpoise does not necessarily extend from tower 
to tower; as a matter of fact, in some cases it should 
not do so. The first thing to find out in discussing 
these 2 types of counterpoises is whether there is any 
appreciable reduction of the surge impedance in mul- 
tiple with the normal tower footing surge impedance, 
by using the crow’s foot arrangement, using 2 wires 
in each case. In the crow’s foot arrangement, since 
the wires are at right angles to each other, there will 
be no mutual surge impedance between the 2. 
Considering 2 of the radial conductors of the crow’s 
foot, if the effective radius of one conductor from 
the standpoint of corona is 0.166 ft and the depth of 
the earth plane is 50 ft, the surge impedance of the 
2 in multiple will be 


ik 100 192 


Ce 0108. 47K 

Consider 2 parallel conductors of the parallel counter- 
poise having the same effective radius 40 ft apart, the 
geometric mean radius of the 2 will be V0.166 X 40 
= 2.58, and the joint surge impedance will be 


60 104 222 

Vx 8 2.58 ~ VE 

Considering the same arrangements but assuming 200 
ft for the equivalent depth of the earth plane for 
high resistivity earth, the equivalent surge impedance 
may be computed in a similar manner for the crow’s 
foot counterpoise as 


OO 400 234 


2 7K 18 0.166 = x 
and for the parallel counterpoise as 
60 400 302 


VE 08 2.58 = VK 


From the foregoing calculations it may be as- 
sumed, therefore, as far as the surge impedance that 
operates in parallel with the normal tower footing 
surge impedance is concerned, that for the same 
amount of wire there is a slight advantage in favor 
of the crow’s foot counterpoise. If 8 radial wires 
be used in the crow’s foot arrangement, the surge im- 
pedance is approximately equal to 1/4 that of the 
foregoing parallel counterpoise. From this fact 
may be formed some idea of the reduction in tower 
footing surge impedance that may be effected by go- 
ing as far as is practicable with the crow’s foot ar- 
rangement. If the resistivity of the soil is very high, 
K may be assumed equal to 4. This will give 37.5 
ohms approximately, using the higher value of earth 
resistivity. Since in such a case the normal tower 
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footing surge impedance is likely to be not less than 
200 ohms and may approach 1,000, it may be seen 
that such a counterpoise would reduce the effective 
tower footing surge impedance to 31.6 ohms for a 
normal 200-ohm footing; this is too high a value to 
give adequate protection, the requirement being 
10 ohms or less for a well insulated line. In moder- 
ately low resistivity soil K may be assumed equal to 
9. Using the first example, 18.25 ohms is obtained 
as the surge impedance, which may be effective pro- 
vided the normal tower footing is fairly low; how- 
ever, under these conditions driven grounds prob- 
ably would be still more effective and more eco- 
nomical. 

The values of K used in the preceding paragraph 
for low resistivity soils are estimated. There is little 
or no data available, as far as the author is aware, 
on the surge impedance of counterpoises. Some 
data recently has been presented on counterpoises 
which indicate rather high soil resistivity. Where 
the resistivity of the soil is very high, the surge im- 
pedance of a counterpoise may be less than the re- 
sistance obtained by d-c measurements, so that d-c 
measurements in general are not a measure of the 
effectiveness of a counterpoise system. Data ob- 
tained at Stillwater is too meager and was obtained 
with a small surge generator. It is believed that a 
large capacity generator of at least 2,000,000 volts 
should be used so as to obtain the effects of corona in 
the soil, which it is believed would reduce the surge 
impedance materially. Whatever effectiveness has 
been obtained with crow’s foot grounds, is believed 
to have been due very largely to the parallel counter- 
poise effect. There is no sharp line of demarcation 
between the 2 types of counterpoises, both to some 
extent having the same features in common. 

In his discussion of the 1930 paper by Conwell and 
Fortescue, A. S. Brookes gives a curve showing the 
reduction of surge impedance of a given tower for 
different lengths of connected cable; which is re- 
produced in Fig. 1. To interpret this curve it must 
be remembered that as the cable length is increased 
in soil of fairly low resistivity the attenuation of the 
current due to leakage becomes greater and greater. 
The potential measured at the tower is the resultant 


Fig. 1. Reduction of surge 
impedance of a typical 
tower for different lengths 
of connected cable 
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of all the reflections that take place in the buried cable 
and of the effects of the attenuation. If the curve of 
surge impedances given is assumed to be asymtotic 
to the effective surge impedance of the tower footing 
with a very long counterpoise, this would indicate a 
surge impedance of approximately 32 ohms for a buried 
cable extending in both directions from a tower 
footing, which value seems very low. 


PRACTICAL EXPERIENCE WITH LINES 
INDICATING COUNTERPOISE EFFECTS 


Some 66-kv lines with overhead ground wires 
built along the right-of-way of railroads have shown 
exceptionally good performance. With the usual 
insulation and clearance for such lines, their per- 
formance cannot be accounted for by the low tower 
footing surge impedance alone and must, therefore, 
be credited to the counterpoise effect due to parallel- 
ing rails. A notable example illustrating this corre- 
spondence is a 121/>:mile 69-kv line paralleling a 
railroad, which has a record of one outage in 15 
years though exposed to lightning storms of the 
usual severity experienced in that region. 

During the first 3 lightning seasons of operation, 
that is 1926 to 1928, inclusive, of the Wallenpaupack- 
Siegfried 220-kv line of the Pennsylvania Power & 
Light Company, a considerable number of lightning 
flashovers was experienced with a disproportionately 
high percentage of this total concentrated at High 
Knob, a terrain prominence and the point of highest 
elevation of the line about 12 miles from Wallen- 
paupack. High Knob is a hill of solid rock, with a 
thin layer of soil where not entirely exposed. Realiz- 
ing the necessity of augmenting the protection af- 
forded by the overhead ground wires, after weighing 
such experience as they could gather from operating 
companies and results from lightning research in the 
high voltage laboratories and in the field, Mr. 
Nicholas Stahl, chief engineer of the Pennsylvania 
Power & Light Company, and Mr. A. E. Silver, 
consulting electrical engineer of Electric Bond & 
Share Company, recommended the installation of a 
buried counterpoise over a distance of 21/2 miles at 
High Knob. This counterpoise, consisting of 2 
continuous No. 2/0 B.&S. gauge copper wires, was 
installed in the spring of 1929, being completed 
during May. 

Being encouraged by the initial results from the 
buried counterpoise at High Knob and desirous of 
improved performance in the remaining 22'/, miles 
of the 25 miles total of overhead ground wire sec- 
tions of the Wallenpaupack line, the Pennsylvania 
Power & Light Company, after further discussions 
between their engineers and those of the Westing- 
house company, installed crow’s feet at each tower 
throughout the 22!/, miles. Over 171/2 miles of this 
installation was made early in 1930, and the remain- 
ing 5 miles early in 1931. These crow’s feet consist 
of buried cables in 4 directions, each extending 50 ft 
out from the tower. The portions of the line 
equipped with these 2 types of artificial grounds 
probably embrace the worst localized exposure to 
lightning on the Wallenpaupack line. 

Results to date since the completion of these re- 
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spective installations, from the information that the 
writer has obtained, are as follows: The 21/»-mile 
portion of the line over High Knob equipped with the 
buried longitudinal counterpoise, has not had one 
insulator assembly flashed by lightning. The 221/; 
miles of the line equipped with crow’s feet have had 
a substantial reduction of flashed insulators, com- 
pared with previous experience. Table I brings out 
this comparative performance in more detail. 


Table I—Flashed Insulator Assemblies on a 25-Mile Section 
of the Wallenpaupack-Siegfried 220-Kv Line 


Station 
Protective 


Year Parallel Crow’s Foot Gaps 
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While 2'/. miles of line statistically is not enough 
to draw any definite conclusion from, even though it 
shows a perfect record over 5 lightning seasons, the 
performance of this portion of the line when com- 
pared with the 22!/.-mile portion equipped with 
crow’s foot counterpoises is quite significant; and 
when considered in the light of experience with other 
existing lines, which appear to owe their high record 
to parallel counterpoise effects, the result is quite 
convincing. Doubtless the performance of the 
22'/.-mile portion still could be improved by using 
more wire in the counterpoises, but from theoretical 
considerations the possible improvement does not 
appear to be sufficient to bring it to a par with the 
portion of the line over High Knob equipped with 
parallel counterpoise. 


PHYSICAL EXPLANATION OF 
THEORY OF PARALLEL COUNTERPOISE 


Theory of counterpoises has been a matter of 
speculation for the last 3 or 4 years. The surge 
impedance of the counterpoise in which is included 
the effect of distributed inductance, capacitance, and 
leakance has been recognized as playing an impor- 
tant part in its effectiveness. Corona formation 
undoubtedly also plays a large part by increasing 
the capacitance and leakage and probably reducing 
the inductance. It has been shown that in respect 
of surge admittance a parallel counterpoise with 2 
wires 40 ft apart extending parallel from the towers 
a given distance in both directions is not materially 
different from a crow’s foot counterpoise of 4 wires 
extending radially the same distance at an angle of 
45° with the direction of the line. To explain the 
theory of the parallel counterpoise effect, the over- 
head ground wires and the buried counterpoise wires 
running parallel to the line should be considered as 
in effect a transmission system of comparatively 
low surge impedance, the tower being merely the 
cross connection between the parallel wires of the 
system. The conductors must be considered as a 
second parallel system insulated from the first sys- 
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tem, but mutually coupled with the first system 
through the mutual surge impedance between ground 
wires and line wires, and counterpoise wires and line 
wires. 

Obviously any surge currents passing through the 
ground wires and counterpoise wires will raise the 
potential of the line conductors (through the mutual 
surge impedance between these and the line con- 
ductors) bringing the potential of the line wires 
closer to the potential of the system comprising the 
ground wires and line wires. The difference of 
potential between the ground wires and the counter- 
poise wires is determined by the surge impedance of 
the tower and the reflections therein. When the 
counterpoise is absent and the tower footing surge 
impedance is high, the ground wires and tower will 
be raised to a high potential above true zero when the 
tower is struck, because the surge impedance of the 
ground wires and tower footing is not low enough to 
keep the potential down. The potential of the line 
wires also will be raised through the mutual surge 
impedance between overhead ground wires and line 
wires, but not enough to prevent flashover of the in- 
sulator due to the difference of potential between 
line wires and ground wires. 

The addition of the parallel counterpoise wires 
now will be considered. First of all, the surge im- 
pedance of the counterpoise will reduce the potentials 
of line and ground wire in the same proportion so that 
the difference of potential between them will be re- 
duced proportionately. This would be the only ef- 
fect of a counterpoise having the same surge im- 
pedance as the paraiiel counterpoise, but extending 
radially from the tower at right angles to the line; 
in effect, it functions by lowering the tower footing 
surge impedance. In the case of the parallei coun- 
terpoise, this lowering of the potential by reduction 
of tower footing surge impedance is obtained and, in 
addition, the current in the counterpoise through the 
mutual surge impedance between counterpoise and 
line wires will raise the potential of the latter so that 
it more nearly approaches that of the ground wire 
and tower top; consequently, the difference of 
potential between line wire and tower will be re- 
duced greatly, and with adequate insulation will not 
cause a flashover. These phenomena are _ illus- 
trated by experiences in the Adirondack Mountain 
(N. Y.) region where lightning punctured cables 
buried in soil of high resistivity. It was found that 
cables having no outer metallic covering were af- 
fected, but armored cables were not. One remedy 
that was effective was to place wires in the same 
trough about a foot or 2 above the cable. A better 
remedy was to place a light stranding of wires over 
the whole cable. The action of the counterpoise 
and ground wires is similar to that of the metallic 
stranding over the cable except that in the latter 
case the coupling is very high so that the difference of 
potential between the inner conductor and the 
outer stranding is very small. 


DIFFERENT TYPES OF COUNTERPOISES 


It will be clear now to those who have followed the 
reasoning in this paper that there are 2 distinct types 
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of counterpoise effects: that due to wires radiating 
from the towers at right angles to the line, and that 
due to wires radiating from the towers in a direction 
parallel to the line, the former having the effect of 
merely increasing the surge admittances of the tower 
footing by adding its surge admittance to that of the 
natural surge admittance of the tower. The latter 
not only increases the surge admittance of the tower 
footing by practically the same amount as the former 
for a given length, but also through its mutual surge 
impedance and the current passing through it, 
raises the potential of the line conductor to a value 
approaching more nearly that of the overhead 
ground wires thereby reducing the stress on the line 
insulation. This effect must not be considered 
small; indeed, it is quite large because of the 
large amount of current in the surge passing into the 
counterpoise. It seems proper to point out now that 
in soil of comparatively low resistivity, in order to 
get a large part of the benefit of a parallel counter- 
poise, the counterpoise wires need not extend from 
tower to tower. The weak point of the transmission 
line from an insulation standpoint is usually the line 
insulator and, fortunately, at that point the full 
coupling effect due to the counterpoise is realized. 
Beyond the tower the insulation strength rapidly in- 
creases, so that if the difference of potential increases 
because of attenuation of the surge current in the 
counterpoise, this need not cause concern as there is 
ample insulation strength away from the tower. 
However, the portion of the counterpoise parallel 
with the line should be long enough so that what cur- 
rent is reflected will be small and will have attenu- 
ated to a negligible amount before it reaches the 
tower. 


ANALYTICAL SOLUTION OF 
THE PARALLEL COUNTERPOISE PROBLEM 


In the preceding few paragraphs, it has been at- 
tempted to explain the mechanism of the parallel 
counterpoise in simple terms so that those who do not 
care to take the time to follow out the analytical 
solution may form a clear idea of what it does. 
Appendix I presents the analytical solution based 
upon a homogeneous medium, by the theory of multi- 
ple circuits considering the lines as being distortionless. 
In actual practice the medium is not homogeneous 
and some correction must be used to obtain the ap- 
proximate values of surge impedances and mutual 
surge impedances. For the overhead ground wires 
and line wires, the usual convention has been used 
based upon the distance of the wires from their 
images considering the medium as air. Considering 
the effect of the surge propagated in the counter- 
poise, which is buried in the earth, a suitable value of 
K is used so that its surge impedance is the surge 
impedance that would be obtained if the sole medium 
were air, divided by VK. In considering its mutual 
surge impedance to the line conductors and the over- 
head ground wires, the field due to the surge current 
flowing therein is conceived to consist of 2 parts, 
one of which moves with the velocity of light and is 
porportional to s, where s is less than unity, and has 
surge impedance and mutual surge impedance pro- 
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portional to unity; and a second portion moving 
with velocity V/ VK whose magnitude is propor- 
tional to WK — s, where v is the velocity of light. 
The current due to the combined natural surge ad- 
mittance of the footing and that of a cross counter- 
poise, if any, is included and is taken to be propor- 
portional to m. Calling the current concerned in 
these effects Ji, J,, and J,, respectively, 


Toitksl,2s:V7K —sim 


Ss 
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Now J, has no mutual surge impedance, and the 
mutual surge impedance of J, is proportional to 
1/WK while that of I; is proportional to 1. There- 
fore, the mutual surge impedance of the total cur- 
rent J; + I, + I, is proportional to the factor 


Ss Ay Rees 1 m 
pee ete Sa = = 
mee AK 5 ater ON 5 
This is equal to 
(1) VK —s as 

m+ J K VK 
If the surge impedance due to the section of line and 
counterpoise on one side of the tower be considered, 


then to determine m, 2Z,, where Z, is the normal 
tower footing surge impedance, must be used thus 


2Z¢ = A 
™m 


x 0 


so that 


=. Zv 
Die 


The value of Z, is supposed to be known and, un- 
less a cross counterpoise is used, is dependent only 
on the normal tower footing surge impedance; Z; is 
the surge impedance of the parallel counterpoise 
considering the medium to be homogeneous and air. 

The K used in the preceding discussion should be 
the true specific inductive capacity of the soil. This 
will vary over a wide range. The value for pure 
distilled water is about 70; therefore K would be ex- 
pected to be high for deep alluvial or marshy soil, 
possibly 9 or more. For light dry sandy soil, A 
may be low, but moisture is always present in alka- 
line earths and salts so that K is not expected to be 
less than 4. In general, the value of the apparent 
surge impedance is affected not only by K but also 
by the leakance. Fortunately, where leakance is 
high K also is high and one tends to offset the other. 
However, for short steep waves resistance and leak- 
ance affect the surge impedance very little, so that 
the proper value of K may be obtained by tests 
made on buried counterpoises using a surge generator 
giving a steep front wave. Resistance has a ten- 
dency to increase the surge impedance while leakance 
has a tendency to decrease it, so that they offset each 
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other to a certain extent; when they completely 
balance each other, the circuit is distortionless. In 
the present problem it is not necessary to consider the 
attenuation due to leakance and resistance nor the 
distortion because the values involved are at the 
threshhold of the ground wire and counterpoise 
system. It should be noted that the working theory 
applies not only to the parallel counterpoise, but also 
to the cross counterpoise and any combination of 
the 2 types. The surge impedance of the cross 
counterpoise is to be considered as independent of 
the parallel counterpoise and in multiple with the 
normal tower footing surge impedance. 

While the author does not attempt to justify on 
theoretical grounds the approximation given in the 
previous paragraph, it appears to be consistent and 
is flexible and easy to use; furthermore, it works in 
well with the analytical theory and is believed to 
give conservative results. Possibly further study 
will develop a more scientific way of arriving at an 
approximation. In Appendix II is worked out a 
numerical example by this method using s = 1. 


PROSPECTIVE TESTS 


Since so much depends on the mutual surge im- 
pedance between the counterpoise and overhead 
lines, tests are under way on a line built near the 
Trafford laboratory of the Westinghouse company 
for the purpose of measuring some of these values. 
It is hoped that by the time this paper is presented 
some data will be available that will be of help in 
determining the proper constants to use in applying 
the analytical solution to practical problems. 


Appendix I—The Parallel Counterpoise 


One of the difficulties of problems of this kind is to provide ade 
quate nomenclature for all the quantities involved. Since there 
will be a change of value of all surge currents and electromotive 
forces every half-period, it will be necessary to distinguish between 
the values of a given current during the intervals. The currents 
in the ground wires and counterpoises all will be traveling positively; 
in the tower will be both positively and negatively traveling surges 
that must be taken into account; while in the lightning channel 
both kinds exist, but only the positively traveling waves need be 
taken into account. Currents and electromotive forces will be 
designated by giving them a subscript S for the lightning channel, 
A and B for the ground wire and counterpoise, C for the line, and 
T for the transmission tower. The half-period is designated by the 
Greek letter Tau (7) and the values occurring during the 7th half- 
period will be designated by adding the letter 7 to the subscript, 
thus Ey,, Ev,, Ep,, Ex,, ete. A positively traveling wave will 
be designated by placing the sign ‘‘*’’ over the symbol, thus Ez, 
and a negatively traveling wave by placing the sign in reverse as 
“? ” example E7,. A positive traveling wave resulting from re- 
flection at the beginning of the 7th period would be designated rye, 
vf Br, ete., similarly negative traveling waves will be designated 
I7,, 1 hp etc. 

There are 3 general terminal conditions to be accounted for. 


1. Junction of lightning channel, tower, and ground wires. 

2. Junction of tower footing and counterpoise. 

3. Junction of tower, channel, and ground wire for negatively traveling waves 
in the tower only. 


At the beginning of the first half-period no electromotive force is 
impressed at the junction of the tower footing and counterpoise so 
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that for the potential of the transmitted surge on the ground wire 
and tower in multiple 


= transmitted potential 


The transmitted current is 
Is + fs = la +In 
—InZs =1sZs —IuZs — ImZs 
Es + Es = Es — I[n:Zs 
= Fs +IpZs —IaZs — ImZs 
= 2hs —IaZs — ImZs 
Therefore, 


2Fs — IaZs —ImZs = Zaalay + Zaslm 


or 
Z Vi, Upp 
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Es = (F 2 2 
2Es, —1aZs — ImZs = Zrln 


or 
“ Vb, YE, Zi . 
Es: = moe ete (G+ Z) tn 


At the junction of the tower and counterpoise there is no impressed 
surge, and the surge impedance of the tower is Z7 so that the com- 
plete set of equations is 


Pegi (+ + $4) In + SP Im + Z lr 
Zh 
Es re ie an (G+) In 


0 = 47 Pa +($+ + 3?) In 


By eliminating 77,, these are reduced to 


es ( ZsZ7 
Leet Zi = a oat 2(Zs + Zr) 


th, ZA Ze 
Om I, +(Z+ Ty =38) Te (1) 


+ =A) Ta ae ay fy 


ees ? 
me Lele ~ zor, ce 


At the junction of counterpoise and tower, 


Im — In = 0 

In = In 

Therefore, 

En = Zrln 

En = —Zrlmn = —Zrln | 2) 


At the beginning of the second half-period there are 2 sets of equa- 
tions to solve in which portions of [42 designated byw and I”, 
and portions of Ip» designated by Ig. and I”g» are involved inde- 
pendently. They are 


a ZsZr ZAA\ >, ZAB >, 
: (satay tH) a + Tn 
(3) 


; Z Z > Z, - 
En, = (F + <4) es ee 


<4} 


0= 1) u ot 


Gia) 


By eliminating Iso, 


Zs Ae ae! ZsLZ7 ZAA aa ZAB aa 
Z. mor ge = (a7 + 5 ye ae + 5) I" p2 is 
Za ~ Z Z. aa 
0 = BE Ia + (4+) Pm 
Adding eqs 3 and 4 
Zs 4 ( ZsZy + =44) 
eae ee ee eee i, ey 
Zs + Zr" ~ \8(Zs+Zr) at 5) 
cx os th 4, 
Ey, = 7 Ig +(F+ Zr 


Since there are no induced potentials in the tower structure nor 
in the channel, at the junction of the tower channel and ground wire 
transmitted potential is 


En AP Em = (Ir. 902 In)Zr 


By the principle of continuity of current at_a junction point, the 
current flowing toward this point —(fp,; + I~) must be equal to 
the current flowing from it (L42 — [s2) or 


—Tg = —T2a + Im + Im) 


but since there are no induced potentials in the channel, the poten- 
tial at the junction 

Em + En = —Zsly = — ZsLa + Im + 1m) 
or 


(Ir —Im)Zr = — ZL +f) — Zslrr 


Therefore 

Ip(Zs + Zr) = — Zs(La + lm) + Zrln 

or 

Im = — Zee Zi oa Las + In) + zB my es 

Therefore 

Erm = a ln + Im) ae ais mtn (6) 


At the junction of the tower and counterpoise, 

Im + Im — Ip = 0 

— nm — Ip2) 

—[pZr = (In —Tm)Zr (7) 


Ip, = 
En = 


It may be observed now that the cycle of operations has been es- 
tablished so that the next equation will be the same as eq 5 with 


Em, Em, A3y Ips, or 

wale, 7 ZsZT 4 244 
Zs + Z1 Za n= (a7 + Zp $4) Le yi “$2 Is | (8) 
tiple Eo | 
Ip, = — non (im + Las) + 7 <2 In 
Irs = — (L72 — Ip) 

(9) 

Eq; = sea: SB Oa te peta tie 6 ge. 

3 reg 43 Ti ay. 
Exs a ae IpZr = (Irs irs Ip3)Zr 


The equations after the first may be expressed in the general form 


parc haley oy )= Ceaaeien 
Zig 2a hae (Zs + Z7) 


~ Ji, Za 4b, 
Erg) = Sra aa (S+ 2) bes 


Z = Zane 
+ 44) Tar + =" lop 
(10) 
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Ip, = — nes, (Lr(—1) + Lar) +7 Tr(-1) 
In, = — (Lr) ae Tz,) 
Tees. (11) 
Er, = — as a (Lr¢—1) + Lar) + Zaz fren 
Eg, = —Zoly, = Zo(PrG—1) — Len) 


It may be observed further that eqs 1 and 2 are identical in form to 
eqs 5, 8, and 10 except for the terminal voltage which is the lightning 
potential IDR Therefore, it will be convenient to express the cur- 
rents in terms of the admittances corresponding to the impedances in 
these equations. Designating them by V4 A, Yep, and Yaz, 


Yaa = 
( ZsZr + <4) (G+ ¥ ZB 2 
4Zs + Zr) D 5) 5 3 
ZgZ7 LAA 
ais 
Yap = 24(Zs + Zr) 2 (12) 
( ZsZ0 +=) (3+) (= 2 
2(Zs + Zr) D 2 2 5) 
ZaB 
1% = — 2 
aid (Cpe + <4) (S+ <3) — (=) 
2(Zs + Zr) D 
> Zr R 
I= BS E 
ge Aa 
~ Zr é 
= EL 
ty Zs+Zr * 
ra 2Es Zs Zs ‘ee : ) (13) 
—- -—I 
es Z+2Zr Zs+ Zr TOT NOS Al 
In = In 
En — Zolry 
En = — ZrIlmn = — Zrln 
Ter= Vas 4 Ze a Za En + YarEn 
Tp: = Yaaz 4 Gy a Za En + YasEn 
In = — 797; (ln + 1a) + 7S In } a4) 
Im oy Saas (In a Tp) 
, DeTR eee Fas Zr; 
Er. = Tepe, + I a2) ez a oA Vail 
Ep = — Zrlm = Zr(Im — Im) } 
l= Vaso Zr, a Zp En) + Vas Ero) 
i peers + VesEr(—-) 
5 fro 
It, a es En, (Loa) + Lar) ae ae a T (r—1) (is) 
Tr, SS} (Lr(r-1) Pa Tar) 
~ ZsZT Z*¢ ft, 
Er, = — Zep Zp Ete) + Tar) + ae 
Eo, = — Zrlr, = Zr(ir¢-1) — Ler) 
The complete solution for T,and Lz is 
t, = Dla, | nn 
ile = Dp: 


each term being added at the beginning of its period. Expressions 
for the other currents are similar. 
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Appendix Il—Method of 


Calculating Protection Level 


In this example the counterpoise wires are considered at ground 
level; they consist of 2 No. 2/0 B.&S. gauge wires 50 ft apart 
extending parallel to the line in both directions, and 2 No. 2/0 wires 
at right angles 50 ft apart but extending only in one directiou. 
This latter connects to the parallel counterpoise of another line 200 
ft away, but its mutual surge impedance with the first line has been 
ignored. The ground plane is assumed to be 200 ft below the earth’s 
surface. The ground wires consisting of two 5/s-in. steel cables 50 ft 
apart average 298 ft above the ground plane. The corona radius 
of the ground wires for the maximum potentials encountered will 
be approximately 1 ft, and the geometrical mean radius of the ground 
wires taking into account corona and their spacing will be approxi- 
mately 3.3 ft. The same corona radius is assumed for the counter- 
poise wires and their geometrical mean radius is approximately 2.87 
ft. The geometrical mean distance between ground wires and line 
wires is 46.9 ft, between ground wires and counterpoise 103.3 ft, and 
between line wires and counterpoise 68.4 ft. It is assumed that the 
normal tower footing surge impedance is 400 ohms. In these — 
calculations K is assumed equal to 4 which is believed to be a con- 
servative value, and S is taken equal to 1. 


To obtain the value of m 


Ze = 400 ohms 


a0 298 


= 60 log. ——~ 5.87 


It is desired also to include with the ground resistance the effect of a 
cross counterpoise having a surge impedance equal to Zx. = Z;/ VK 


= 149 ohms. This will be denoted by Z’g. 
; 400 X 149 
Z'¢ Bc 108.5 ohms 
Therefore 
_ By _ ee mi 
m= 2Z'a = O17 1.375 
Taking S = 
CEE S)sn/ Bie 3S: : gy ae eS c ee 0.444 
m+ J/K jm SB ~ & 
596 
Zu 60 loge 33 3 
400 
= — = 4 
LZ 30 loge 287 149 
444 X 60 | a8 = 0.444 X 944 = 42 
Zy = 0. Og eismaae 103.3 A F 
559 
tad 
Zi 0.60 loge —— 46.9 
461 
Zo, = 0.444 X 60 loge 634 ~ 0.444 X 114.5 = 50.9 
From these the following are obtained: 
ZAA = 156 ohms 
TACK 10855 » tite 
222 eed S10 
ZAB = Ol 
Zac = 74.5 
Zc = 25.45 
ZAA Zs _2 
ics Zach ae 
ZBB _ A Jalal ea 
Rae 7 Zach Tapas 
ZaAB _ ZsZr 
aan 10.5 Ze+Z 66.67 ohms 
915 


Zs = Zr 1 Zs Tag = —195 — 22.4 = —2174 
Zs = 200 ohms Z ee Z = 5 Z h- Z, t 
s T s T Ips = +28.6 + 237.5 = +266.1 
Zr(Zs—Zr) _ F 
Zr = 100 ohms yee = 33.33 ohms 7A = (161.2 — 217.4) = 37.5 
Zr 2 [rs = —(168.5 — 266.1) = 97.6 
— 7 _ = 33.33 ohms =——— = 0.00667 mho 2 
ee op ate Zs + Zr bp = 3,750 
ZsZr E = —9,760 
ee 199.29 oll rT ) 
a(Zs Bs) oo OHMS e. : 
Se = 6,520 
ZsZr Ze Zs + Zr 
Zs + Zn) +. Sra 111.33 ohms 
say S32 Bo75 ohins Tye = 05050 = 643 
Ips = +8.7 + 52.8 = +61.5 
ZaAB ws 
—— = 10.5 ohms a D) 
2 Ins = — 3 (488 — 64.3) = 10.35 
Product of first 2 of above 3 quantities is 111.83 X 72.1 =8,025.0 | 
Square of last = 110.2 Ir = —(37.5 — 61.5) = 24.0 
: Ers = 1,035 
Difference 7,914.8 
Er = —2,400 
yes vi 
oe FOIA) © Aas = —1,600 
111.33 Coat anes , 
Pe erae = 0141 
108 Lig = ALS =k = —15.9 
AE 7914.8 0.00132 Ing = +2.1 + 14.6 = 16.7 
For the calculations an arbitrary value Es = 1,000,000 volts will Tee _2 (12 — 15.9) S56 
2E 3 : : 
be taken. ae = 10,000 amp. ; 
8 Ize =s—(10:35 — 16.7) = 6.35 
eth, = 363,083 volts Ers = 260 
Zs + Zr = 
a Evs = —635 
Ia, = 3,030 amp , 
x Ss A = 
Ip, = —444 amp Tae = —423 
Im = 6,667 — 2,020 = 4,647 amp Fee eM ek 
In, = —444 amp LiF tO Be 0.35 = —4.15 
Erm = 464,700 volts Is, = +0.56 + 3.66 = 4.22 
Em = 44,400 volts 
mn fleet 2 (BATS) 415)), me 0685 
Zs E 
i = 29,600 ; 
Zs+Zr ig = = (6 — 229) = 1.62 
Er =65.5 
42 = 269.5 — 618 = —348.5 ‘ 
Er; = —162 
Ip, = —39.4 + 6,560 = +6,520.6 
Zs : 
ROL 5 = —108 
Ip, = — 5 (—222 — 349.5) = 381 Zs t+ Zr" 
Im = —(4,647 — 6,520.6) = 1,873.6 ie 2 A068 = OOS = Shor 
ree = 38,100 Ips = 0.14 + 0.92 = 1.06 
Er = — 187,360 
Z DaTA OBTAINED BY CALCULATIONS 
een ir = — 125,000 i i 
Zs ap Zr Ia = 3,030 amp Ip, = —444 LEGG = 156 ohms ZAC = 4S 
Ia = —349 Ip. = 6,521 ohms 
e119) — "50.7, re 1199.7 -; . Aa ae re : : 
: = —-11 = = 44, = 25.4 
ee 160.5 1-537 = +703.3 ee ie e zs 
5 Fa =s— 207 Tp, = 266 Zap = 21.0 
Ins = — 5 (936.8 — 1,189.7) = 168.5 eed Denton 
3 IDG = —16 ine = 17 
ieee (68l' — 703.8 = 322. “ 
is ( ‘ ) 3 lar = —4 ilpy = 4 
= 16,850 4 r 
a Jaa 100 Teel 
Es = —32,230 ; : 
The tabulated results of carrying out the additions to obtain 
£8 or Ks T4, Ie, Es, Ex, Ec, and E4 — Ec are given in Table II. It may be 
Erg 21,480 ' 
Zs + Zr seen that for a stroke of 20,000,000 volts the maximum value of 
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E4 — Ec which is 20 times the value given in the table will be a 
2,000,000 volts reached in 1 psec which is reduced to approximately 
1,140,000 volts at the end of 2 usec. Taking a time lag of 3 Msec 

and using Fig. 2, it is found that the number of standard insulators pea 
required to withstand the voltage is between 17 and 18. 


1600 


> 
< 
Table Il al#e9 
” 
Values Obtained Are Per 1,000 Kv of Stroke Potential us 
uy 1200 
1v) 
Amperes Kilovolts *s 
=] 
< . . KS ~ = & 2) 
t I, Ip E, ER Ec E,—Ec > |000 
a 
WwW 
ines CREO Ue Oe OM a O & 
Onin? SC. ij ey eee (eg Rae ean acy 800 
0.2. Bil eRe Ole 8G. Toe 44 
0.3.. Tee OT e188 oe 0, ee ee he BA 
0.4.. Sr Med OAC = 179, 104. os aeed13 60 
Oe eee eeOGD 0) 2687 207. 188. re 1AO «87 600. 
ome et Oss ees Sool, AT TD 167 re 
ee a e0y we LOSS 5. O74... &..208- 25, 104, ee 80 
Dee rie 526 4 760.6. 307... 288. e780... 87 
Ono 1 dip 86350 | 84075... 272-.. 1 248.0... 94 400 
, ) 8 20 
ROMER IES CG ete ClO) 30n -375 308) 0 75 100 4 6 8 ie i ns IS 
DT 10a OST 858 oa BEAL. fs 881. TO Meee EEN it oa oie rn 
B.Bo sos DATA... 7,025... «382... 4.888... .. 208.1... 65 Fig. 2. Characteristics of standard 10-in. diam. in- 
pce ee 1SO, pee 60873230", 932040) 2620. ; : es ; ; 
eae 11008 06.029, BIT. on 330 2S: BO sulator units with 5°/1 in. spacing; 11/2 X 40-usec 
janie oe OST MAT O SCG G0, B15. mort 327. +. DBT in 59 positive wave 
DR Se  O80.8 2) 56570 812, ea 323 OBE. oi 58S 
A Pa dees Su EDR x8 Gs LOADS AS BQ Vslons pe ON OS ee G5 POI, ceeerwe MeN : ed to the following atmospheric conditions: absolute 
lies ee ee 1 0ES -OG40. + 806). .B16-.... 2249-08... BT Corrected to 3 e 


, humidity, 6.5 grains per cu ft; relative density, 1.0 


Roseland Switching Station Which May Be Visited During the Winter Convention 


ints in and near New York City which may be visited by those attending the winter convention of the 
aren tats ce 1934, is the Roseland switching station of the Public Service Electric and Gas Company of New 
/ Jersey. The 220-kv section is shown above on the left, and 132-kv section on the right 
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Research in 
Liquid Dielectrics 


This brief survey of the work done during 
1932 and 1933 in the field of liquid dielec- 
tric research indicates the scope and im- 
portance of that work and reflects some of 
the high lights from recent literature. 


By 

W. F. DAVIDSON 

FELLOW A.I.E.E. 

THORSTEIN LARSEN caer eee 
NONMEMBER Inc., Brooklyn, N. Y. 


Gar PROGRESS in the 
field of dielectric research seems to justify an annual 
summary in spite of the fact that Gemant’s book on 
liquid insulation recently has been published in the 
United States under the auspices of the National 
Research Council’s committee on electrical insula- 
tion. During the past year many important papers 
have been published dealing with different aspects of 
research work on liquid dielectrics. As previously, 
it is the complex and difficult phenomenon of liquid 
breakdown that has been the subject of most in- 
vestigations. This is quite natural, of course, for the 
ability to withstand electric stress without failure is 
the most important property of a liquid dielectric. 
Hence, it may be said that studies of other questions 
more fundamental in character derive their import- 
ance from the ultimate bearing which they may 
have upon the problem of dielectric breakdown 
characteristics of the liquids. Other questions such 
as electric conduction, space charge formation, 
and molecular momentum of liquid dielectrics, con- 
tinue to receive attention. In the fields of chemistry 
and physical chemistry, there also are several notable 
contributions to the knowledge of insulating liquids. 
The accompanying bibliography, without laying 
any claim to completeness, gives what appear to be 
the most important references to the literature of the 
past year. 

To give an outline of the research of the year in 
liquid dielectrics, it may be worth while to men- 
tion specifically some of the papers representing the 
different subjects of study. In the past there have 
been numerous attempts to build a hypothesis of the 
mechanism underlying the process of dielectric break- 
down in liquids. Such attempts are, for example, 
those of Giintherschultze, Gemant, Boning, and 


Essentially full text of a report presented to the National Research Council’s 
committee on electrical insulation, Philadelphia, Pa., Nov. 13-14, 1933. Not 
published in pamphlet form. 
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others. These hypotheses or theories are founded 
upon the assumption of ionization in a gaseous 
phase, or the adsorption of ions on colloidal particles 
as the basic phenomenon in the breakdown process. 
In a recent paper written by Eisler there is an inter- 
esting attempt to explain the breakdown process in 
terms of static ionization of the molecules of the 
liquid. The possibility of such ionization has not 
been considered seriously before, because from the 
classical point of view, the fields required for such 
ionization are vastly higher than those present in 
dielectric liquids at breakdown. Also, once the 
necessary (homogeneous) field is attained, the liquid 
would break down all over at once, and such a break- 
down is never observed; the spark or arc always is 
localized in a narrow channel. However, from the 
point of view of quantum mechanics, a molecule has 
a certain chance of becoming statically ionized, even 
at the lowest fields. By treating the liquid as a 
statistical assemblage of molecules, each with a 
definite probability of becoming statically ionized, 
it is possible to calculate the current-voltage func- 
tion. The author shows how this may be used to 
find the breakdown voltage without actually break- 
ing down the liquid. It is clear that these con- 
siderations apply only to liquids which, in the words 
of the author, are “not particularly impure.” In 
impure liquids one finds more direct causes of dielec- 
tric failure, such as fibers and drops of water. Reb- 
han has made a study of the mechanism of break- 
down in transformer oil containing fibers and mois- 
ture. A noteworthy conclusion of his is that fiber 
bridges will cause breakdown only in uniform fields. 

In addition to such causes as fiber bridges and 
different types of secondary or direct ionization as 
the causes of breakdown, the possibility of the break- 
down being a thermal phenomenon also has been 
studied during the past year by Koppelman. He 
finds, however, that the heating effect of the current 
before breakdown is insufficient. 

Since Giintherschultze advanced his theory it has 
been generally agreed that a gaseous phase in some 
way is connected with the breakdown of ordinary 
liquid dielectrics. Other authors maintained that 
the gas dissolved or occluded in the liquid gives the 
liquid breakdown its gaseous characteristics. In the 
last year 2 papers by Clark have discussed the im- 
portance of dissolved gases in connection with the 
breakdown. 

In the work by Eisler referred to in the foregoing 
the breakdown process was regarded as essentially a 
statistical phenomenon. This, of course, is nothing 
new. Many years ago Hayden and Eddy made a 
statistical study of the breakdown values for trans- 
former oil and concluded that the fluctuations repre- 
sent something inherent in the oil. And during the 
last year Rebhan also has treated the dispersion of 
breakdown values for transformer oil from a statis- 
tical point of view. He finds that the values have a 
Gaussian distribution and gives the number of break- 
downs required to furnish a ‘‘true’”’ mean value within 
certain error limits. He also discusses the factors 
influencing the dispersion of the breakdown values. 

In later years the importance of space charges in 
liquids under electric stress has been recognized. 
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The presence of such space charges was demonstrated 
several years ago by Whitehead and Marvin. Béon- 
ing and Schaefer also did some work in connection 
with this problem, and during the year Gemant has 
made an interesting contribution to the study of 
space charges. He attempts to measure the charges 
directly by means of a ballistic galvanometer. The 
experimental technique is briefly as follows: In 
the oil to be studied (which is highly purified) 
small permeable containers (paper) are placed close 
to the electrodes. After a direct voltage of from 5 to 
20 kv has been applied for several minutes, the 
electrodes are short-circuited and the container with- 
drawn. The charge on it is measured ballistically. 
The experiments are quite difficult to carry out. 
Gemant believes that he has observed saturation 
phenomena. 

The subject of conduction in dielectric liquids again 
has been treated by Nikuradse in several papers. 
From a very thoroughgoing analysis of experimental 
data on conduction at high field intensities he con- 
cludes that the steep current-voltage characteristic 
is caused, as in gases, by impact ionization. 

A Dutch author, Van Arkel, throws an interesting 
side light on one particular type of conduction, 
namely, that of very thin films of liquid hydrocarbons. 
As pointed out by Briininghaus, such thin films have 
a very high conductivity which Van Arkel ascribes 
to carbon particles formed by decomposition of the 
oil. 

The important question of oxidation of trans- 
former oils has been dealt with in a paper by Orn- 
stein in collaboration with others. The oxidation 
of an oil takes place both in the oil itself and in the 
gas above the oil, the former process being by far 
the most important in the deterioration of the oil. 
The authors study the absorption of oxygen by a 
method developed by themselves which is said to be 
quicker and better than those previously used. Asa 
result of their experiments they find that after the 
so-called period of induction the oxidation of trans- 
former oil can be described by a monomolecular 
reaction equation. The velocity constant varies 
with temperature in accordance with the Arrhenius 
formula. It is possible, then to calculate the activa- 
tion energy which is found to be constant up to 
115 deg C, above which temperature it decreases. 
As the oils deteriorate, the activation energy and the 
reaction constant both vary, and the authors suggest 
that it would be quite feasible to characterize an oil 
through these quantities. Pi 

The question of polymerization and disintegration 
of hydrocarbons under the action of electric dis- 
charges has been studied by several investigators. 
In addition to the work of Linder in the United 
States, there is that of Vanier de Saint-Aunay in 
France who finds that the reaction is either polymeri- 
zation, dehydrogenation, or decomposition, the de- 
composition occurring particularly with long-chain 
molecules. 

The foregoing brief summary suffices, perhaps, to 
give a picture of the manifold activities of workers 
in the field of liquid dielectrics during the past year. 
The complete story, of course, may be had from the 
original papers, and it is hoped that the following 
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bibliography does not miss too many of these. Ep. 
Note: On p. 926-27 of this issue is given a further 
bibliography, covering the more important contribu- 
tions of the past 4 years to the literature concerning 
the theories of dielectric research. 
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Improvements in 
Impregnated Paper 


A. brief survey of improvements in im- 
pregnated paper cable insulation as re- 
vealed by operating records of the Com- 
monwealth Edison Company, Chicago, cov- 
ering a period of 14 years is given here. 
Tangible savings resulting from improved 
insulation are shown to appear importantly 
in the dollars-and-cents columns of the 
operating records. 


By 
D. W. ROPER Commonwealth Edison 
FELLOW A.I.E.E. Co., Chicago, Ill. 


Pe to a paper presented 
to the A.I.E.E. in 1900 by Henry Floy, some 25-kv 
3-conductor cable with impregnated paper insulation 
was installed at St. Paul in that year. The records, 
however, fail to disclose any increase in the operating 
voltage for underground cable in the United States 
during the next 20 years, nor do they indicate that 
there was any significant improvement in the quality 
of the insulation during that period. Hence, this 
brief survey will be limited to the period since 1920. 

Before entering the main topic it may be well to 
note in passing that the use of power factor measure- 
ments for determining the quality of insulation was 
suggested first by Rayner in a paper to the British 
I.E.E. in 1912. Wallace Clark confirmed this 
method in his discussion following the presentation 
of the Clark-Shanklin 1917 paper on single conductor 
cable, and Farmer presented a paper on such measure- 
ments to the A.I.E.E. in 1918. Since then the power 
factor method of comparing the quality of insulation 
has been quite generally used. 

For the purpose of this survey, fairly complete 
records of about 1,100 miles of 13-kv 3-conductor 
cable purchased in 1920 and succeeding years are 
available and will be utilized. The power factor 
tests on individual samples of cable made about the 
beginning of this period are shown in Fig. 1, which is 
taken from my paper before the A.I.E.E. in 1922, 
and which shows power factors ranging from about 
3 to 40 per cent at 80 deg C. . Tests on samples that 
had been in service for several years range from about 
23 to about 64 per cent at 80 deg C. However, 
because at a temperature of about 60 deg C. or less 
the dielectric loss in many cases would be so great 


Full text of a report presented to the National Research Council’s committee on 
electrical insulation, Philadelphia, Pa., Nov. 13-14, 1933. Not published in 
pamphlet form. 
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that cumulative heating with so-called dielectric loss 
failures would result, it was impossible to operate 
cables with the higher power factors at a temperature 
anywhere near the temperature at which the insula- 
tion might be injured by the heat. When this point 
was brought to the attention of the cable manu- 
facturers they endeavored to improve the insulation 
by abandoning the use of the impregnating com- 
pounds formerly used (consisting of a solution of 
resin in resin oil, or resin in transil oil) substituting 
an impregnating compound which consisted prin- 
cipally of a mineral grease of about the consistency 
of vaseline and sometimes containing a moderate 
percentage of resin. This change resulted in a re- 
duction in dielectric loss, but it had an adverse effect 
upon the insulation failure record. To determine the 
average power factor data shown in Fig. 3, all the 
test results obtained on the cables of each manu- 
facturer were averaged to determine an average 
figure for each manufacturer, and then these later 
figures were averaged to secure the data plotted. 

A few years later this type of impregnating com- 
pound was abandoned in favor of a compound con- 
sisting principally of a heavy mineral oil, similar to 
cylinder oil, sometimes with the addition of some 
resin. In succeeding years American manufacturers © 
have shown a rather continuous tendency toward the 
use of lighter oils for their impregnating compounds. 
During this period there has been a practically con- 
tinuous reduction in the dielectric loss of impregnated 


Fig. 1. Dielectric 
loss curves for 12- 


kv cables 


These curves are repro- 
duced from p. 549 of 
the A.|.E.E. TRANS., v. 
41,1922. The highest 
power factors were 
found in cables impreg- 
nated with resin oil 
compounds; the lowest 
losses from cables with 
a mineral oil compound. 
Intermediate curves are 
from cables with various 
mixtures of the 2 com- 
pounds 
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Fig.2. Effect of re- 
duced dielectric loss 
in increasing the 
carrying capacity of 
cables 

These curves repro- 
duced from p. 549 of 


the A.I.E.E. TRANS., v. 
41, 1999 
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paper insulation and, marvelous to relate, it has been 
accompanied by an equally great improvement in the 
failure record. It is plain, therefore, that the im- 
provements which the manufacturers have made in 
_ the power factor of their impregnated paper insula- 
tion in recent years have not been made at the 
expense of the quality of the insulation. 

Some critic may say that the statement applies 
only to the initial quality of the insulation, but, 
although some indications of deterioration of the 
insulation have been noted, a detailed examination 
of the failure record: (Fig. 4) shows that there has 
been no progressive increase in insulation failures in 
recent years. In Fig. 5, as well as in the later figures 
the power factor data shown are plotted from the 
_ average results of all tests made on the product of 
one manufacturer for the years shown. In the case 
of the data shown in Fig. 5, there was no significant 
change in the power factor of the insulation on cable 
received from the several manufacturers in the period 
shown, except for manufacturer B. 

Available records permit one statement to be made 
in accordance with the original desires of our Chair- 
man. The best example of improvement noted 
during the past year is shown in the reduction in the 
records of 13-kv cable received this year, in which 
the curve of power factor of the dielectric loss versus 
temperature is below the corresponding curve for oil 


Fig. 3. An oper- 
ating record of 
1,085 miles of 13- 
kv 3 - conductor 
cable on the system 
of the Common- 
wealth Edison Com- 


pany 
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Year Miles of Number of Insulation Failures 

Made Cable 1920 21 122 '23 !2k t25 126 te7 tes 129 130 132 852 133 Total 
1920 50 2 2 
1921 37 2 
1922 100 5 
1923 159 1 17 
1924 14g 1 1 4 
1925 92 1 2 
1926 = 164 1 2 
1927 62 1 1 
1926 95 a 
1929 53 fe) 
1930 72 1 1 
1931 4g fe) 
1932 2 te) 
1933 2 : 0 
Total 1,085 2 IeeCORMPow 6, th G43) 65 Sale 0 37 


Fig. 4. Chart showing 14-year record of insulation 
failures in 13-kv 3-conductor cable 
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Fig. 5. Average power fac- 
tors of 13-kv 3-conductor 
cable observed from Jan. 1, 


1930, to Oct. 1, 1933 
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Fig. 6. Average dielectric 
losses of 13-kv 3-conductor 
cable observed from Jan. 1, 
1930, to Oct. 1, 1933 
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filled cable throughout the entire operating range— 
a truly marvelous performance and one that would 
have been declared impossible a few years ago. 
This incident indicates, if it were not already known, 
that due caution should be observed in connection 
with statements that desired improvements are 
impossible. 

Any survey over an extended period would be 
incomplete if it failed to look forward and set forth 
what the records indicated should be the desirable 
course for the future. 

The improvements that have been made in im- 
pregnating compounds in recent years indicate the 
possibility of securing compounds which will be 
stable at somewhat higher temperatures and stresses 
than those now used for 66-kv cable. Also it 
appears possible to devise suitable tests to be applied 
to cable to determine whether the insulation will be 
suitable for operation at these higher stresses and 
temperatures. With the use of such improved im- 
pregnating compounds and test methods, the maxi- 
mum operating temperature of 66-kv cable, for 
example, might be raised to about 70 or 75 deg C, 
and then the limiting temperature will be determined 
by the lead sheath or by the design of the manholes. 
When such a change is made on the 66-kv cable, the 
maximum operating temperature of the 13-kv cable 
probably will be raised to about the same tempera- 
ture as low voltage cables. 

Some years ago, when the dielectric losses were 
reduced sufficiently to eliminate the possibility of 
dielectric loss failures, the carrying capacity of the 
13-kv cables was increased about 50 per cent, result- 
ing in a reduction of more than 30 per cent in the 
capital charge. When the further increases in oper- 
ating temperatures as just proposed are in effect, 
there will be a further reduction of about 8 per cent 
in the capital charge for the 13-kv cables, while the 
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reduction for the 66-kv cables would be between 10 
and 20 per cent, depending upon local conditions. 

While the recent reduction in dielectric losses of 
13-kv cable, expressed as a percentage, appears 
rather large, it amounts to less than 0.1 watt per 
foot of cable at the maximum operating temperature 
of about 80 deg. For the 66-kv cables, however, the 
difference between the highest and lowest values 
amounts to nearly 0.2 watt per foot of cable at the 
maximum operating temperature of 60 deg C., or 
about 0.5 watt per foot of line. This figure would 
be increased if the power factor of the 66-kv insula- 
tion should be reduced to the very low figure shown 
for a recent lot of 13-kv cable. 

Turning now to the significance of these dielectric 
losses and insulation failures, Table I shows that for 
the 13-kv cable the annual saving resulting from the 
reduction in dielectric loss by one maker in the past 
year amounts to nearly five times the annual cost of 
repairing cable damage resulting from insulation 
failures; in the case of the 69-kv cable, the possible 
saving is about 15 times the annual charges resulting 
from insulation failures. Apparently, therefore, the 
economies of the situation indicate that more atten- 
tion should be paid to the reduction in the dielectric 
loss; further, that this point becomes of increasing 
importance as the operating voltage of the cable is 
increased. 


Fig. 7. Average power fac- 
tors of 69-kv single-conduc- 
tor cable observed from Jan. 


1, 1930, to Oct. 1, 1933 


PER CENT POWER FACTOR 


If further reductions in power factor of 66-kv 
insulation are accompanied by reductions in thick- 
ness of insulation, the reductions in dielectric loss 
expressed in watts per foot that may reasonably be 
expected probably will not be more than 25 per cent 
below the lowest values obtained to date. 


Table I—Costs of Dielectric Losses and Insulation Failures 


a 


RAP CCE OlCAGe rc irom ae criti ele ah caas pnarie Give keene LOY Kivore ae ox 69 kv 
A. Recent annual savings due to reduction in di- 
electric loss per mile of line...................... $4.30 . $114.00 
B. Annual cost of cable failures per mile of line.... $0.93 ...... $7.88 
HUATIO CAGE ORES ET, 5 teers, acer tare ta he ee aie tteteses ote Ole samen. 14.5 
Further increase in carrying capacity that would : 
result from entire elimination of dielectric loss...... 0.4% 1.4% 


Further interesting information obtained from a 
comparison of the total annual charges for 13-kv and 
69-kv cables is given in Table II. The largest item 
covers interest and taxes which can be reduced by a 
reduction in the first cost. The depreciation item 
has been assumed at about 3 per cent, and it would 
be quite interesting if investigations now under way 
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should indicate a lower percentage to be war- 
ranted. Reduction of the maintenance figure of the 
69-kv cable so that it would be no greater than the 
corresponding figure for 13-kv is an interesting pros- 
pect, but beyond the scope of this present discussion. 
The records indicate that a reduction of the insula- 
tion losses is perfectly feasible. 


Table II—Annual Cost Per Mile of Line of Installed Cable, 
Excluding Conduit 


Per Cent of Total 


13-Kv 3-Cond. 69-Ky 1-Cond. 

500,000 750,000 

Item Cir Mils Cir Mils 

1. Interest and taxes*,, 22.0. ar sR ne eh ea OL. 9 
2° Deprectation str." caren attr es hie earned ea . 18.4 
3 Maintenances c.cce neo nnge sr hina ee ee OO a Asha) 
4. "Copper losses: Fawton tae bo oe ee ee oe Fame ogy b 
o> Pusitiation losses: 2 ...0b. a oe ee et oe OO v2 
6 Total: sez, sei co see an ee ec eee ey eo LOO SO rae 100.0 
7 Fixed charges (sum of items 1 and 2).......... LN ae 70.3 


Returning to the item of first cost, the records 
indicate that a moderate reduction can be made if 
the manufacturers will utilize all recent improve- 
ments in the quality of the insulation to reduce its 
thickness, rather than to attempt further reductions 
in the present low failure records. Another method 
of reducing the first cost is by devising new types of 
cable for the higher voltages; with this end in view 
5 distinct new types have been proposed in the 
United States and abroad within the past few years. 
During this same period new methods of testing 
cable and, what probably is more important, im- 
proved methods of examining insulation after test 
or after years of service to determine the nature and 
extent of the changes in the insulation have been 
devised and are available for prospective purchasers 
in determining the merits of the new types of cable 
as compared to the types now in common use. 
Although available information regarding these new 
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types of cable is rather meager, the indications are 
that, although some of them may be found ad- 
vantageous and economical for European conditions, 
the solid type of insulation for voltages up to 66 kv, 
and the oil filled type of insulation for higher voltages, 
probably will prove to be the most economical for 
Chicago conditions. 


Improvements in 
Solid Dielectrics 


This brief survey of some of the important 
work done during the past year in the field 
of solid dielectrics, touches upon the evo- 
lution of the pyroelectric theory of break- 
down and recounts some of the significant 
developments in modern rubbers. Other 
high lights are reflected from recent litera- 
ture. 


By 
R. W. ATKINSON General Cable Corp., 
FELLOW A.1.E.E. Perth Amboy, N. J. 


I. PRESENTING this summary of 
the year’s progress in electric research for solid 
insulation, proportionately more space has been given 
to European publications than to American, because 
of the relative availability of this literature. Also, to 
permit a reasonably full exposition of a few topics, 
others necessarily have been condensed to but little 
more than descriptive titles. 


IMPORTANT NEW PROPERTIES OF RUBBER 


Both because of the outstanding importance of 
the dielectric concerned and because of the sweeping 
nature of the development, a description of the 
new qualities which have been imparted to rubber 
and rubber-like dielectrics should be foremost in 
any description of the advancement in solid di- 
electrics. While important information on the 
subject is given in some publications of the U. 5S. 
Bureau of Standards, in certain manufacturers’ trade 
publications, and even in some of the newer specifica- 
tions, the commercial developments in rubber have 
proceeded far beyond anything that is realized by 


Essentially full text of a report presented at the National Research Council’s 
committee on electrical insulation, Philadelphia, Pa., Nov. 13-14, 1933. Not 


published in pamphlet form. 
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any except those closely in touch with the labora- 
tories of the manufacturers concerned. Hence, full 
knowledge of the advancement in rubber insulation 
must go beyond published information. In general, 
the term “rubber’’ as here used applies to any com- 
pleted insulating material which includes crude rubber 
or caoutchouc in its composition. 

Before describing the nature of the developments 
in rubber insulation, it is proper to say a word con- 
cerning the reason for the sudden and rapid develop- 
ment in this, one of the oldest of the important 
commercial insulating materials. Rubber is per- 
haps the earliest insulating material on which an 
adequate specification was produced, and that 
specification was based primarily upon the composi- 
tion and the chemical analysis of the material rather 
than upon the performance of the resulting product. 
While the specification was an important and valu- 
able safeguard at the time of its inception, the result 
was, as is fundamental with this type of specifica- 
tion, the fixation of properties in the existing form 
and the stifling of development. With the develop- 
ment of materials having markedly better per- 
formance than the materials covered by the older 
specifications but incapable of meeting the rigid 
chemical requirements of those specifications, came 
the development of the new type of specification—the 
performance type. With the field open for com- 
mercial exploitation of the new properties, there has 
been a rapid further development of rubber insula- 
tion. 

Some of the ways in which properties of rubber 
have been modified in noteworthy manner are 
touched upon in the following items: 


1. Stability has been improved under conditions usually producing 
short life of rubber, such as high temperature, exposure to oxygen 
and to ultra-violet light, or a combination of these. The life at a 
given high temperature has been multiplied by from two to many 
times for different types of the new materials. By way of further 
example, older types of rubber compounds are deteriorated com- 
pletely by exposure for one day to a current of air at 250 deg F, 
whereas newer types after 4 days of this treatment still meet all 
the original requirements of the older specification. Some of 
these newer materials will withstand operating temperatures of 
from 15 to 80 deg C higher than will produce early destruction 
of the older types of rubber. 


2. The ability of some of the new rubbers to withstand ozone cut- 
ting is enormously better than for the older types. 


3. The dielectric constant of rubber now may be controlled through 
a wider range than before, and yet combined with other required 
characteristics including high resistance to moisture. Values 
as low as 2.6 or 2.7 are obtainable (comparable with that of the pure 
gum) and the customary older values of 4.5 to 6.0 are still obtainable. 
This is important in several ways. The very low values of dielectric 
constant, which can be combined with very low dielectric losses, are 
important for cables for signal and telephone transmission. When 
rubber with a low value of dielectric constant is used for high voltage 
power use, the lower dielectric constant results in lower stress in the 
air surrounding the rubber and isa direct means of avoiding corona 
difficulties. Thus, the ozone cutting just described may be avoided 
by the use of low dielectric constant, by ozone resisting material, or 
by a combination of these. The wide range of dielectric constants 
now available permit the use of grading, long discussed theoretically, 
but only recently available in rubber or other cable insulation. 


4. Whereas rubber definitely required protection from oils and 
most acids and alkalis, certain rubber or rubber-like materials now 
available may be subjected to oil or to usual acids or alkalis without 
damage. 


5. Along with these changes have been relatively smaller but still 
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very important improvements in dielectric strength and in dielectric 
loss. 

Rubber as a commercial insulating material always 
has consisted of a certain proportion of rubber vul- 
canized with sulphur and combined or ‘“‘com- 
pounded” with various fillers. In the past, as 
required by specifications, these have been almost 
exclusively dry mineral matter. More recent de- 
velopments have come about by the addition of 
various accelerators, antioxidants, arid new types of 
fillers. Some of the more important of these fillers 
are various vulcanized oils. Some of the special 
properties are now secured by the use of a very large 
proportion of rubber hydrocarbons that would have 
been exceedingly expensive in the earlier days of 
higher priced crude rubber. 

While all the outstanding advancements men- 
tioned have been obtainable with materials based 
primarily upon the crude rubber of commerce, still 
further improvements in some particulars have 
been secured by the use of new synthetic and rubber- 
like compounds. In general, the newer synthetic 
materials do not have electrical characteristics as 
good as the natural rubber compounds have, but 
they can be made to have even greater resistance to 
heat, ozone, oils, acids, alkalis, and moisture. In 
view of this, some of the greatest improvements in 
commercial products such as cable insulation have 
been effected by the use of a major portion of rubber 
insulation protected by final layers containing the 
newer synthetic hydrocarbons such as_ thiokol, 
sometimes (incorrectly) referred to as synthetic 
rubber. Duprene is another rubber-like material 
which possesses highly valuable properties, such as 
exceptional oil resistance. 

Not all the properties enumerated have been im- 
proved in equal degree in any particular type of 
rubber-like material now commercially available. 
Hence, different “rubbers’’ are used for different 
specific purposes such as resistance to heat, moisture, 
corona, oil, or for low dielectric constant, although 
several of the more important properties frequently 
are combined in a notable degree. Future develop- 
ment no doubt will increase the ability to combine 
various desirable characteristics in the highest de- 
gree, as well as lead to further improvement in these 
specific characteristics. Advancement in the char- 
acteristics of rubber insulation have been so rapid 
that the users or potential users of rubber insulation 
have not yet realized or taken advantage of the new 
characteristics. 


PYROELECTRIC THEORY 


Dr. K. W. Wagner in his paper on ‘‘Properties of 
Insulating Materials and Their Measurement”’ pre- 
sented before the International Electrical Congress, 
Paris, 1932, again emphasized the “pyroelectric 
theory” of dielectric failure which aroused so much 
interest when presented by him before the A.I.E.E. 
convention at Chicago in 1922. (‘‘The Physical 
Nature of the Electrical Breakdown of Solid Di- 
electrics,’ A.I.E.E. TRans., v. 41, 1922, p. 288-99.) 
As originally presented, it was generally understood 
that Dr. Wagner explained practically all dielectric 
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stress failures by assuming a path through the in- 
sulation of somewhat higher conductivity than the 
average. This conductivity results in an increase 
in current through such a path, creating heat which 
must be dissipated into the surrounding material 
or by conduction to the electrodes. The increase 
in temperature results in still higher conductivity. 
If the heat can be conducted to the surroundings as 
fast as it is being generated the ‘‘thermoelectric 
equilibrium” remains stable. When the opposite is 
true, an unstable condition results and cumulative 
heating occurs until rupture takes place. Although 
still putting principal emphasis on this theory, 
Dr. Wagner in his recent paper states that breakdown 
may result from ionization by collision. He points 
out that rupture most nearly approaches this 
phenomenon in pure materials with low losses 
(crystals, for example) or for ordinary insulating 
materials at low temperatures or under very high 
stress. 

It seems important to define accurately the condi- 
tion to be called dielectric loss of pyroelectric failure. 
If a homogeneous solid dielectric having dielectric 
loss be conceived, thermal insulating conditions 
which _ will result in pyroelectric failure for any 
specified impressed dielectric stress may be defined. 
This is the cumulative heating discussed widely 
for cables, especially since the Bang & Louis A.I.E.E. 
paper of 1917. The fact that no dielectric is per- 
fectly uniform, and that some path will reach the 
point of cumulative heating before the remainder, 
merely localizes final failure, but unless there are 
major nonuniformities in dielectric loss, does not 
change materially the voltage at which failure would 
have taken place. 

The moving cause of pyroelectric failure is the di- 
electric loss rather than the nonuniformity of the 
dielectric. If, as some claim, nonuniformity is 
important the terms must be defined very clearly; 
otherwise any failure may be regarded as pyroelectric. 
For example, disruptive failure of a gas, being caused 
by the high velocity of local ionized particles, may 
be regarded as pyroelectric because the high velocity 
may, in effect, be considered as high temperature. 
Therefore, microscopic or submicroscopic nonuni- 
formities should be distinguished clearly from those 
having an area of such dimensions as to be com- 
parable with the insulation thickness. Failure then 
would be defined as pyroelectric only where the 
dielectric loss characteristics of the material as a 
whole or of substantial subdivisions are such as to 
produce cumulative heating as a result of more 
production than dissipation of heat. Only under 
such a definition may a useful distinction be drawn 
between pyroelectric and other failures. -Contrary 
to Wagner’s view that most failures are pyroelectric, 
it seems clear that under any such definition many 
observed data fall into a classification other than 
pyroelectric. In any particular case the distinction 
usually can be made clearly. 

The principal part of Dr. Wagner’s paper is 
devoted to the behavior of insulating materials 
under stresses well below the point of failure. Start- 
ing from the statement that the departure in be- 
havior of solid dielectrics from that of the so-called 
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“ideal dielectric’ may be explained on the basis of 
nonhomogeneity in structure, he presents a theory 
using a mechanism somewhat different from the 
classical method of Maxwell which assumed a di- 
electric made up of layers of different “ideal di- 
Wagner postulates a principal ‘ideal 
dielectric” in which little spheres of a second 
“ideal dielectric” are distributed irregularly. He also 
has considered the case where the second dielectric 
itself is composed of several materials, and has cal- 
culated formulas to apply to such materials. He also 
obtains formulas showing the way in which fre- 
quency and temperature affect the dielectric con- 
stants. ; 

The paper also discusses the theories as applied to 
other classes of dielectrics. The treatment of 
fibrous materials is based on Evershed’s work and 
assumes that there is in the tubular spaces between 
the fibers “alternately bubbles of air and drops of 
water” with the air bubbles surrounded by a film of 
water. These enclosing films contract under elec- 
trical stress and produce a reduction in the effective 
resistance of the system. Because of inertia there 
also appears the phenomenon of hysteresis. In the 
same way may be explained the increase in losses 
when the voltage increases. Because of the inertia 
of the movement of water, this increase always is 
less at very high frequencies. 

These physical theories should be considered in 
connection with those which have been much dis- 
cussed in previous meetings of the N.R.C. committee 
on electrical insulation and which postulate rotating 
ionized molecules or masses or the movement of 
space charges through the body of the dielectric. 

Dr. Wagner also urged the importance of studying 
the phenomenon of luminescence in solid and liquid 
insulating materials. Until very recently the study 
of this type of phenomena has been limited to air, 
but it is known that such phenomena do appear in 
some liquid and solid insulations. In some cases 
these have been explained by the presence of air 
included in the materials, but materials undoubtedly 
without air (for example, degasified oil) also present 
luminesce phenomena with fields of very high in- 
tensity. Means for making such studies in solids 
are offered by the electrocamera of Gemant. 


PROBABILITY IN ELECTRICAL BREAKDOWN 


A paper by R. Wideroe (‘‘Dielectric Strength of 
Solid Insulation,” Archiv fur Elektrotechnik, 1932, 
v. 26, p. 626) seeks to reconcile various existing 
theories of electrical breakdown by the introduction 
of probability. 

The rupture theory of electrical breakdown ex- 
plains a failure on the basis that the molecules of 
the insulators are ruptured when the electrostatic 
force of the electrical field overcomes the cohesive 
forces of the ions in the molecules. According to 
calculations of Rogowski some years ago, the voltage 
required to produce such a field is of the order of 10° 
volts per cm, which is about 100 times the highest 
values obtained practically up to that time. Ac- 
cording to this theory, breakdown strength is in- 
dependent of insulation thickness. 
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Ionization by collision theory has two versions, 
one of which may be designated as Rogowski’s 
theory and the other as Joffé’s theory. 

Rogowski’s explanation is that through action of 
the field the electron attains so high a velocity, 
particularly in the submicroscopic cracks of the 
lattice, that it is enabled to break a lattice band 
and thus start the failure. According to this 
theory, the failure is not caused by a gradually in- 
creasing stream of electrons, but is caused by the 
breaking of one ion band, which breaking must be 
regarded as the primary cause from which the elec- 
tron stream and other phenomena develop. Here 
also dielectric strength would appear to be inde- 
pendent of thickness of insulation. 

Joffé’s explanation is that failure occurs only when 
the electron flow resulting from ionization by colli- 
sion reaches a certain definite value. Thus, a 
stronger field is required to produce failure in thin 
than in thick dielectrics. In fact, Joffé has found 
that breakdown strength increases enormously for 
very thin films; for electrode separations of less 
than 10~* cm he reached values in excess of 108 
volts per cm. He estimates that for a thickness of 
less than 0.2 X 1074 cm the value calculated ac- 
cording to the rupture theory would be reached. 

Wideroe points out that the discrepancy between 
the rupture theory and Joffé’s theory may be bridged 
over if the rupture theory be regarded as the limit- 
ing condition of Joffé’s theory. Thus, the point of 
molecular instability will change with thickness of 
insulation and, with a sufficiently great thickness, a 
sufficient number of electrons can be freed at the 
point of initial ionization to cause failure. 

Wideroe suggests as a plausible hypothesis that if 
pw designates the probability that failure will be 
caused by a single overstepping of the lattice energy, 
1/u molecules must be ruptured before the prob- 
ability of failure is 1. This corresponds approxt- 
mately with Joffé’s assumptions. However, it may 
be considered that before a molecule can be ruptured 
the ion must be struck in a certain definite direction 
or by an especially direct impact, and that only in 
one collision out of 1/u does such an impact occur. 
This would satisfy. Rogowski’s physical theory. 
Mathematically these are identical. 

Wideroe calculates the energy which would be 
required to break a rock salt crystal molecule and 
then derives a formula for the stress required to 
produce failure, according to which formula the 
stress is a function of the thickness of insulation and 
u. He constructs curves for rock salt with » = 1, 
1/10 and » = 1/100, and on the same curve sheet 
plots values for rock salt obtained by Giillner for 
thicknesses of from 0.006 to 0.03 cm. The cal- 
culated values are found to be from 50 to 100 per 
cent higher than those observed, depending upon 
the value of y. As no experimental values are avail- 
able for very small thicknesses, no idea of the values 
of uw for rock salt can be obtained. 

He also plots values obtained by Joffé and Giillner 
for mica and other substances of thicknesses varying 
from 9X107> to 0.9X10~2 cm, to which he fits a 
curve. He finds that this curve corresponds to 
» = 1/70 for mica, and suggests that » in all cases 
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lies between 1/10 and 1/100. This corresponds very 
well with Rogowski’s conclusion that in gases only 
about 2 per cent of those molecules which have 
sufficient energy actually become ionized. 


WEATHERPROOF WIRE AND OTHER ITEMS 


In the field of “‘weatherproof’’ insulated wire, a 
condition somewhat analogous to that described 
for rubber exists. The story is summarized in a 
report of a research by Purdue University under the 
auspices of the Utilities Research Commission. A 
new specification has recently been agreed upon 
between the Utilities and the manufacturers who 
have followed this project. A large amount of 
weatherproof insulated wire has been purchased over 
a considerable period of time which meets these 
requirements and which is a far more dependable 
and lasting insulation than material made according 
to previous standards. 

Schumann, studying the conductivity in a solid 
dielectric transverse to the direction of the main 
electric field, has found indications that the con- 
ductivity normal to the main field may be constant, 
but surely does not vary as much with field stress 
as does the conductivity in the direction of the 
field. Von Philippoff has made oscillographic studies 
of a current through a dielectric approaching failure 
of the pyroelectric type. The more important in- 
formation developed by this method has to do with 
the wave shape of the current as failure is ap- 
proached. He defines a distortion of wave form 
which he says is similar to a hysteresis effect, and 
which he discusses on theoretical grounds. 

Associates of Moon and Norcross have published 
in the A.I.E.E. TRANSACTIONS an extension of their 
earlier paper showing the existence of an intermediate 
region of breakdown between the thermal and 
electrical. Although the new work is performed with 
alternating current whereas the former being done 
with direct current, the intermediate region is found 
to exist as before. However, Inge and Walther in 
the Ark. Elek. publish an experimental investiga- 
tion of this matter and conclude that no such inter- 
mediate region exists. This interesting subject 
merits continued study. 

On subject of insulator sparkover as affected by 
dirt, moisture, and power frequency or transient 
voltages a good many articles have been pub- 
lished, mostly in the A.I.E.E. publications. 

Further work of Whitehead and his associates on 
the relation between d-c and a-c characteristics of 
insulation, and the relation between the electrical 
properties of oil and paper separately and in com- 
bination, has been published. Whitehead also shows 
the voltage breakdown of saturated paper samples in 
relation to the physical characteristics of the saturat- 
ing oil, particularly viscosity and surface tension. 

Race gives data on capacitance and loss variations 
with frequency and temperature, in composite 
insulation. He discusses these data theoretically 
showing that the general form of these characteris- 
tics could be caused by any one of several physical 
mechanisms and indicates that, in laminated prod- 
ucts of synthetic resin, the observed characteristics 
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may reasonably be represented physically and 
mathematically by the Maxwell-Wagner theory. 

J. A. Scott shows the effect of high oil pressure 
upon the electrical strength of cable insulation. 


Four-Year Bibliography 


The following references embrace most of the 
better known publications and cover most articles 
that have appeared dealing with theories of di- 
electric phenomena or with data on specific di- 
electrics where such data have reference to the 
subject of dielectric phenomena as a whole. The 
entries in this bibliography cover the 4-year period 
1930-33 and are intended to supplement and bring 
up to date for general reference purposes the bibli- 
ography on ‘Theories of Dielectric Phenomena”’ 
published on p. 363-65 of the N.E.L.A. Under- 
ground Systems Reference Book. 


Gases 


SpaRK DISCHARGE IN CORONA IN AIR, Nishi. (In English.) Proc. of World 


Engg. Cong., Tokyo, 1929, p. 263. 


LICHTENBERG Ficures, C. E. Magnusson. A.I.E.E. TRans., v. 49, 1930, p. 


1384. 

EFFECT OF MAGNETIC FIELDS ON ELECTRIC STRENGTH OF DIELECTRICS, Smurow. 
E.T.Z., v. 51, 1930, p. 1459. 

Tue ELecrricaL BREAKDOWN oF AIR BETWEEN CONCENTRIC GRINDERS, 
Uhlmann. Arch. fur Elek., v. 23, 1930, p. 323. 


Tue ELEcTRIC BREAKDOWN OF Gas SOLID AND LiguIp INSULATION, Rogowski. 
Arch. fur Elek., v. 23, 1930, p. 569. 


Positive Ions or HicH IONIZING POWER AND THEIR INFLUENCE ON THE ELEC- 
TRIC BREAKDOWN IN AIR, Mayr. Arch. fur Elek., v. 24, 1930, p. 8. 


VOLTAGE STEPS IN SPARK DISCHARGE, Mayr. Arch. fur Elek., v. 24, 1930, p. 15. 


ELECTRIC BREAKDOWN OF AIR IN HOMOGENEOUS FieLps, Marx. Arch. fur 
Elek., v. 24, 1930, p. 61. 

BREAKDOWN OF GAS AND Voips, Rogowski. Arch. fur Elek., v. 24, 1930, p. 
679. 

ELECTRIC BREAKDOWN IN AIR WITH ALTERNATING POTENTIALS OF 50 AND 
100,000 CvcLes, Kampschulte. Arch. fur Elek., v. 24, 1930, p. 525. 
BREAKDOWN VOLTAGE AND ILLUMINATION, Masch. Arch. fur Elek., v. 24, 1930, 
p. 561. 

THE INFLUENCE OF POLARITY ON HIGH VOLTAGE DISCHARGES, F. O. McMillan 
and E. C. Starr. A.I.E.E. Trans., v. 50, 1930, p. 23. 

DIELECTRIC PHENOMENA AT HiGH Vo.LtTaces, Goodlet, Edwards, and Perry. 
Jl., 1.E.E., v. 69, 1930, p. 695. 

INFLUENCE OF FREQUENCY ON THE BREAKDOWN STRENGTH OF AIR, Lassen. 
Arch. fur Elek., v. 25, 1931, p. 322. 


TOWNSEND’S THEORY, DISCHARGE AND BREAKDOWN, Rogowski. Arch. fur 


Elek., v. 25, 1931, p. 551. 
SuRGE BREAKDOWN oF AIR, Viehmann. Arch. fur Elek., v. 25, 1931, p. 253. 


Tue DIELECTRIC BREAKDOWN OF HIGH Vacuum, Schaeffer. Arch. fur Elek., 


v. 25, 1931, p. 647. 
DISCHARGES IN AIR, Reher. Arch. fur Elek., v. 25, 1931, p. 277. 


ELECTRICAL DISCHARGES IN GASES, Langmuir and Compton. Rev. of Modern 


Physics, v. 3, 1931, p. 191. 


Tue KINDLING OF ELECTRIC SPARKOVER BASED ON LICHTENBERG FIGURES, 
C. E. Magnusson. A.I.E.E. Trans., v. 51, 1932, p. 74. 


E.T.Z., 1932, p. 411. 

BREAKDOWN AT SPARK Gaps, Rogowski. Elek. und Masch., 1932, p. 7. 

Elek, und Masch., 1932, p. 149. 

Arch. fur Elek., 


ScREENS IN AIR SPARK Gaps, Roser. 


SPHERE Gap VOLTAGE, Zalessky. 


AIR BREAKDOWN AT Low AND HiGH FREQUENCIES, Misere. 
v. 26, 1932, p. 123. 


SurFACE DiscHARGE WITH SURGE POTENTIALS, Rosenlacher. 
v. 26, 1932, p. 19. 


BREAKDOWN STRENGTH IN UNIFORM FIELDS IN AIR, Ritz. 
26, 1932, p. 219. : 


SuRFACE DISCHARGE FIELD STRENGTH FOR INSULATORS, Ritz. 
v. 26, 1932, p. 58. 


Strep TyprE oF DISCHARGE IN AIR, Buss. 


Arch. fur Elek., 
Arch. fur Elek., v. 
Arch. fur Elek., 


Arch. fur Elek., v. 26, 1932, p. 266. 
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SPARKING PorenTIAL, Toepler. Arch. fur Elek., v. 26, 1932, p. 429. 


CALCULATION OF BREAKDOWN VOLTAGE oF GASES BY MEANS oF NERNST’S 
Heat THEOREM, Mayr, Holm, Kirstein. Arch. fur Elek., v. 26, 1932, p. 640. 


Arch. fur Elek., v. 26, 1932, p. 865. 
Step BREAKDOWN or Gasgs, Rogowski. Zeit. fur Tech. Phys., 1932, p. 97. 
Zeit. fur Tech. 


IMPULSE BREAKDOWN oF Arr, Holzer. 


SparK Gap BREAKDOWN WITH IMPULSE VOLTAGES, Forster. 
Phys., 1932, p. 182. 


STEPPED AND Step FREE DISCHARGE IN Arr, Krug. 
p. 377. 


DISCHARGE BETWEEN FLAT PLATES, Toepler. 
386. . 


SparK Gap WitH Serizrs ConnecTepD CONDENSER, Gemant and Philippoff. 
Zeit. fur Tech. Phys., 1932, p. 425. 


METHOD OF MEASUREMENT OF THE ELECTRICAL CONDUCTIVITY AND IONIZATION 
oF Arr, Salles. Revue, Gen. de 1’Elec., v. 33, 1933, p. 779. 


Electrician, v. 110, 1933, p. 31. 


STRUCTURE OF THE POSITIVE DISCHARGE FIGURE IN A KLYDONOGRAPH, Toepler. 
Arch. fur Elek., v. 27, 1933, p. 374. 


Liquids 


Conpuctivity or INSULATING O1Ls, Whitehead and Marvin. 
v. 49, 1930, p. 647. 


BREAKDOWN OF INSULATING OILS, Kappelmann. 


Zeit. fur Tech. Phys., 1932, 


Zeit. fur Tech. Phys., 1932, p. 


Spark Gap BREAKDOWN, Hellman. 


A.I.E.E. TRANS., 


E.T.Z., 1930, p. 457. 


VARIATION WITH PRESSURE OF THE BREAKDOWN VOLTAGE OF DIELECTRIC 
Liguips, Edler. Arch. fur Elek., v. 24, 1930, p. 37. 


On THE RELATION BETWEEN ELECTRIC Losses AND VISCOSITY oF LtQuIDS, 
Kirch and Riebel. Arch. fur Elek., v. 24, 1930, p. 353. 


INVESTIGATION ON THE DIELECTRIC PROPERTIES OF RESINOUS OIL AND VARIOUS 


CONSIDERATIONS RELATIVE TO TEMPERATURE, Kirch and Riebel. Arch. fur 
Elek., v. 24, 1930, p. 553. 
Losszs In CONDENSERS AT HIGH FREQUENCIES, Darmstaedter. Arch. fur 


Elek., v. 24, 1930, p. 701. 


DIELECTRIC POLARIZATION IN Liguip Mixtrurgs, Pal. 
1930, p. 265. 


Drevectric Loss AND DipoLE MOVEMENTS IN TRANSFORMER O11, Ornstein 
and Willemse. Zeit, fur Tech. Phys., 1930, p. 345. 


Conpuctivity or InsuLaTinc O1s—II, Whitehead. A.I.E.E, TRans., v. 
50, 1931, p. 692. 


ELECTRICAL CHARACTERISTICS OF CABLE OILS, Race. 
50, 1931, p. 673. 


INFLUENCE OF ABSORBED AIR ON BREAKDOWN OF LIQUID DIELEcTRICS, Kappel- 
mann. £.T.Z., 1931, p. 1413. 


CURRENT CONDUCTION IN TRANSFORMER O1L, Nikuradse. 
1544, 


Hicu Sprep PHOTOGRAPHS oF ARCS IN LigurIps, Lichtenberg. Elec. World, 
v. 97, 1931, p. 321. 


ON THE INFLUENCE OF DISSOLVED AIR ON THE CONDUCTIVITY AND THE BREAK- 
DOWN OF OIL BY UNSYMMETRICAL ELECTRODES UNDER VARIOUS PRESSURES, 


Philosophical Mag., 


A.I.E.E. TRAns., v. 


E.T.Z., 1931, p. 


Edler. Arch. fur Elek., v. 25, 1931, p. 447. 

EFFECT OF WAVE ForRM ON THE BREAKDOWN OF HEXANE, Kappelmann. Arch. 
fur Elek., v. 25, 1931, p. 781. 

ON THE ELECTRICAL BREAKDOWN OF LIQUID INSULATION, Nikuradse. Arch. 


fur Elek., v. 25, 1931, p. 826. 


Drevecrric Loss In Or, Gemant. 
119. 


Fietp STRENGTH FOR BREAKDOWN AND SURFACE DISCHARGE IN INSULATING 
Ons, Ritz. £.T.Z., 1932, p. 36. 


Losses IN INSULATING MATERIALS, Kirch. £.T.Z., 1932, p. 931, 958, 1007. 
Elek. und Masch., 1932, p. 


Wis. Veroff a.d. Siemens-Konzen, 1931, p. 


BREAKDOWN oF Liguip DIELEcTRICcS, Nikuradse. 
465. 


BREAKDOWN OF TRANSFORMER OIL, Rebhan. £.T.Z., 1933, p. 4. 


Solids 


BEHAVIOR OF DIELECTRICS, Benedict. A.I.E.E. TRANS., v. 49, 1930, p. 739. 


THREE REGIONS OF DIELECTRIC BREAKDOWN, Moon. A.I.E.E. TRANS., v. 49, 


1930, p. 755. 


DIELECTRIC STRENGTH OF Some SoLip INSULATING MATERIALS AND Its Ds- 
PENDENCE ON THE DURATION OF THE APPLIED FIELD, Jost. Arch. fur Elek., 
v. 23, 1930, p. 305. 


OSCILLOGRAPHY OF CURRENTS IN INSULATING MATERIALS, Gemant. 
Elek., v. 23, 1930, p. 569. 


EXPERIMENTS ON THE DIBLECTRIC STRENGTH OF SoLID INSULATION, Meyer. 
Arch. fur Elek., v. 24, 1930, p. 151. 


EXPERIMENTS ON THE FLOW oF HEAT ON THE BREAKDOWN OF SOLID INSULATION, 
Moerder. Arch. fur Elek., v. 24, 1930, p. 174. 


BREAKDOWN OF SOLID INSULATION, Inge and Walther. 
1930, p. 259. 


DEPENDENCE OF POLARIZATION E.M.F. AND TRUE CONDUCTIVITY OF CRYSTALS 
ON THE FIELD STRENGTH, Berou and Quittner. Zeit. fur Tech. Phys., 1930, p. 
760. 
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THEORY oF THERMAL BREAKDOWN OF SoLip Digvecrrics, Moon. A.I.E.E. 


Trans., v. 50, 1931, p. 1008. 


EQUIVALENT CrrRcuITS OF IMPERFECT CONDENSERS, 
A.I.E.E. TRrans., v. 50, 1931, p. 1030. 


ON THE ELECTROMAGNETIC PHENOMENA AT THE SURFACES OF SEPARATION IN 
Dievecrrics, Kotelnikoff. Revue, Gen. de l’Elec., v. 30, 1931, p. 129. 


Dawes and Goodhue. 


APPLICATION OF THEOREM OF GAuUss AND CouLomss LAW TO SURFACES OF 
SEPARATION IN Drevecrrics, Kotelnikoff. Revue, Gen. de |’Elec., v. 29, 1931, 
p. 264. 


ELecrric STRESS LINES IN PORCELAIN, Williams. 
729, 


FIELD DISTRIBUTION AND BREAKDOWN OF SOLID INSULATION, Inge and Wal- 
ther. Arch. fur Elek., v. 25, 1931, p. 21. 


ELECTRICAL STRENGTH OF PAPER UNDER PRESSURE, Gemant. 
v. 25, 1931, p. 181. 


MECHANISM OF ELECTRIC BREAKDOWN IN SoLip INSULATORS, Hippel. 
fur Phys., 1981, p. 11, p. 309. 


ELECTRIC STRENGTH AND CRYSTAL STRUCTURE, Hippel. 
p. 145. 


BREAKDOWN oF GLASS WITH ALTERNATING POTENTIALS, Kenney, Luery, and 
Moriarity. A.I.E.E. Trans., v. 51, 1932, p. 404. 


Electrician, v. 107, 1931, p. 


Arch. fur Elek., 
Zeit. 


Zeit. fur Phys., 1931, 


PREDETERMINATION OF THE A-C CHARACTERISTICS OF DiBLECTRICS, Whitehead 
and Bafios. A.I.E.E. TRans., v. 51, 1932, p. 392. 


PowER FAacror-VOLTAGE RELATIONSHIP FOR SOME INSULATING MATERIALS, 
Hirsch. £.T.Z., v. 53, 1932, p. 888. 


OBSERVATIONS ON THE BREAKDOWN OF INSULATION BETWEEN A POINTED AND 
Rounp ELEecrRopE, Kappelmann. Arch. fur Elek., v. 26, 1932, p. 135. 


DI®eLEcTRIC STRENGTH OF SOLID INSULATION, Wideroe. Arch. fur Elek., v. 26, 


1932, p. 626. 


BREAKDOWN OF SOLID DIELECTRICS IN AIR, Inge and Walther. 
Elek., v. 26, 1932, p. 409. 


INTERMEDIATE REGION BETWEEN THERMAL AND PURE ELECTRIC BREAKDOWN, 
Inge and Walther. Arch. fur Elek., v. 26, 1932, p. 409. 


Jl., Franklin Inst., v. 1932, 


Arch. fur 


ABSORPTION IN ELECTRIC CONDENSERS, Maddison. 
p. 327. 


ELEecTRIC BREAKDOWN STRENGTH AND CRYSTAL STRUCTURE, Walther and Hip- 
pel. Zeit. fur Tech. Phys., 1932, p. 275. 


POTENTIAL DISTRIBUTION RADIATION AND CONDUCTION IN PAPER, Baker and 
James. Physics, v. 2, 1932, p. 73. 


DIELECTRIC Loss AND RELAXATION TIMEIN RESIN, Whitehead. Physics, v. 2, 
1932, p. 82. 


CURRENT AND FIELD BEHAVIOR IN INSULATING MATERIALS WITH THIN MOBILE 
CHARGED Layers, Schumann. Arch. fur Elek., v. 27, 1933, p. 241. 


Commercial Insulations 


IONIZATION STUDIES IN PAPER INSULATED CABLES, Dawes and Humphries. 
A.I.E.E. Trans., v. 49, 1930, p. 766. 


On THE DIELECTRIC BEHAVIOR OF Low TENSION PAPER INSULATED CONDENS- 
ERS, Schafer. Arch. fur Elek., v. 23, 1930, p. 351. 


FUNDAMENTAL PROPERTIES OF IMPREGNATED PapsrR, A.I.E.E. TRANS., v. 50, 
1931, p. 699. 


RESIDUAL AIR AND MOISTURE IN IMPREGNATED PAPER INSULATION, Whitehead 
and Hamburger. A.J.E.E. Trans., v. 50, 1931, p. 1430. 


DIELECTRIC PROPERTIES OF VARNISHED CLoTH AT Low VOLTAGE GRADIENTS, 
Hartshorn. Jl., I.E.E., v. 70, 1932, p. 417. 


Errectr OF IONIZATION OF IMPREGNATED PAPER INSULATION, Wyatt. 
World, v. 100, 1932, p. 152. 


LAMINATED INSULATION, Schwaiger. 


Elec. 


Arch. fur Elek., v. 26, 1932, p. 850. 


VOLTAGE Loss CURVES FOR INSULATING MATERIALS CONTAINING OCCLUDED 
Arr, Gemant. Zeit. fur Tech. Phys., 1932, p. 184. 


Miscellaneous 


ON THE ANOMALOUS PROPERTIES OF DIELECTRICS, Whitehead. Philosophical 
Mag., 1930, p. 865. 


INSULATION VARIABILITY, Holmes. A.I.E.E. Trans., v. 50, 1931, p. 1441. 


THE PuHysics oF INSULATING MATERIALS, Thomas. World Pwr., v. 15, 1931, 


p. 23, 307. 


BREAKDOWN VOLTAGE AS A FUNCTION OF ELECTRODE AREA AND DIELECTRIC 
Homoceneitry, Holmes. Jl., Franklin Inst., 1931, p. 777. 


CHEMICAL RESEARCH IN INSULATING MATERIALS, Clark. ELec. Enae., v. 51, 
1932, p. 30. 


GENERAL THEORY OF BREAKDOWN VOLTAGE AS FUNCTION OF DIELECTRIC 
HomMoceneity, Holmes. Jl/., Franklin Inst., 1932, p. 57. 


PROPERTIES OF INSULATING MATERIALS AND THEIR MEASUREMENT, Wagner. 
Intl. Elec. Cong., Paris, 1932, Sec. 2, Report No. 25. 


RECENT ADVANCES IN ELECTRICAL INSULATING MATERIAL, Dunner. 
Suisse Elec. Bul., v. 23, 1932, p. 112. 


EFFECT OF SUPERIMPOSED MAGNETIC FIELDS Upon DIELECTRIC LOSS ANGLE 
(in ENGLISH), Fujikawa and Kitasato. Inst. Phys. and Chem. Research, 
Tokyo Sci. Papers No. 492, Oct. 1932, p. 148. 


Assn, 


927 


News 


Of Institute and Related Activities 


Technical Program for 


Winter Convention Announced 


1 technical program for the forth- 
coming winter convention of the A.I.E.E. 
to be held in the Engineering Societies 
Building, 33 West 39th Street, New York, 
N. Y., during the 4 days of January 23-26, 
1934, is being prepared as usual to present 
to the engineering profession the most 
recent developments in electrical engineer- 
ing, and to lay the groundwork for future 
trends. The technical program tentatively 
arranged for this convention is presented 
herein. 

As announced in ELECTRICAL ENGINEER- 
ING for November 19338, p. 795, the 1934 
winter convention will differ from other 
recent winter conventions in that it will 
start on a Tuesday, one day later in the 
week than before, and will last but 4 days. 
Technical sessions will be held Tuesday to 
Thursday, with inspection trips on Friday. 
For the evenings, a smoker probably will 
be arranged for Tuesday, the Edison 
Medal presentation for Wednesday night, 
and the dinner-dance for Thursday night. 
Further details of these features and of 
special plans which are being made for the 
women will be announced in the January 
1934 issue of ELECTRICAL ENGINEERING. 
The membership of the general convention 
committee was announced in the No- 


vember issue. Chairmen of the various 
subcommittees are as follows: executive 
committee, C. R. Beardsley, Brooklyn 
Edison Company, Brooklyn, N. Y.; 


dinner-dance committee, George Sutherland, 
New York and Queens Electric Light and 
Power Company, Flushing, N. Y.; smoker 
committee, R. A. McClenahen, United 
Engineers and Constructors, Inc., Newark, 
N. J.; inspection trips committee, H. C. 
Otten, United Electric Light and Power 
Company, New York, N. Y.; and the 
ladies’ entertainment committee, Mrs. H. R. 
Woodrow, Brooklyn, N. Y. 


TECHNICAL SESSIONS 


Interest in the 10 technical sessions which 
have been scheduled in the mornings and 
afternoons of the first 3 days of the con- 
vention should be stimulated by the fact 
that the majority of papers to be discussed 
at these sessions already will have been 
distributed to the entire membership 
through the columns of ELECTRICAL ENGI- 
NEERING. Those attending the sessions 
will thus be better prepared to understand 
and discuss the subjects than was possible 
previously, and at many of the sessions 
more time for discussion also will be avail- 
able. In the November 1933 issue 4 of 
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the 1934 winter convention papers were 
included, and 14 are contained in the 
present issue. In so far as they are made 
available, the remainder of the winter con- 
vention papers will be in the January 1934 
issue. 

The first of the 3 symposiums which are 
included on the accompanying technical 
program is that on switching at modern 
large generating plants. These papers have 
been selected not only so as to indicate the 
different practices in widely separated parts 
of the United States, but also to indicate 
practices which were in vogue at different 
times during the past several years. From 
these papers, 2 of which are included in this 
issue, operating practice and trends in 
design for such plants may be determined. 

The symposium on long distance trans- 
mission and reproduction in auditory per- 
spective of symphonic music should be of 
particular interest not only to communica- 
tion engineers, but to all technically trained 
individuals. The desire for further infor- 
mation on this subject has been particularly 
widespread since the recent World’s Fair 
in Chicago, at which auditory perspective 
was used in several striking demonstrations. 
The work done by one of the leading orches- 
tral conductors in this country in the satis- 
factory reproduction of music also has con- 
tributed to this widespread interest. 

The symposium on electric furnaces is 
intended to bring out the design and opera- 
tion of various types of these furnaces and 
of related equipment. They are considered 
from the various points of view of the 


manufacturer, metallurgist, and the central 
stations supplying the energy. The papers 
which are tentatively scheduled for these 
3 symposiums and the 7 other technical 
sessions are listed herewith: 


Tentative Technical Program 


Tuesday, January 23 

9:00 a.m.—Registration 

10:00 a.m.—Opening of Convention 
10:30 a.m.—Protective Devices 


PETERSON Coit Txsts on 140-Kv TRANSMISSION 
System, J. R. North, The Commonwealth and 
Southern Corp., and J. R. Eaton, Consumers Power 
Co. 


LIGHTNING POTENTIALS MEASURED ON 4,000- 
VoLtt OVERHEAD Circuits, Herman Halperin, 
Commonwealth Edison Co., and K. B. McEachron, 
General Electric Co. 


AUTOMATIC CONTROL OF POTENTIAL CONNEC- 
TIONS FOR Distance Revays, A. R. Van C. 
Warrington, General Electric Co. 


AUTOMATIC RECLOSING oF Or CrrcuIT BREAK- 
pRS, A. E. Anderson, General Electric Co. 


10:30 a.m.—Transportation 


TROLLEY WIRE LUBRICATION IMPROVED, J. V. 
Lamson, University of Washington. 


EXPERIMENTAL INVESTIGATION OF RaIL IMPED- 
ANCES, H. M. Trueblood and George Wascheck, 
American Telephone & Telegraph Co. 


PANTOGRAPH TROLLEY DEVELOPMENT AND OPER- 
ATING CHARACTERISTICS, W. Schaake and B. M. 
Pickens, Westinghouse Electric & Mfg. Co. 


2:00 p.m.—Symposium on Switching Energy at 
Modern Large Generating Plants 


Hupvson AvENUE GENERATING STATION, C. M. 
Gilt, Brooklyn Edison Co. 


RICHMOND GENERATING STATION, Raymond 
Bailey and F. R. Ford, Philadelphia Electric Co. 


This a-c calculating board in the Pennsylvania Station, New York, N. Y., will doubtless be a 

feature of interest to many of those attending the annual winter convention of the A.I.E.E. 

in New York, Jan. 23-26, 1934. This calculating board is used by engineers of the Penn- 

sylvania Railroad, and of Gibbs and Hill in solving high voltage a-c network problems relating 
to the supply of energy to railroads and associated equipment 
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Lonc Bracu STEAM PLANT No. 3 or THE SouTH- 
ERN CALIFORNIA EDISON Co., Ltp., A. A. Krone- 
berg and O. R. Bulkley, Southern California Edison 
Co., Ltd., and W. A. Andree, Stanford University. 


Connors CREEK GENERATING PLANT OF THE 
Detroit Epison Company, A. P. Fugill, The De- 
troit Edison Co. 


Strate Line Sration, Curcaco Disrricr ELEc- 
TRIC GENERATING Corporation, T. C. White, 
Electric Generating Corp. 


Wednesday, January 24 : 


10:00 a.m.—Power Transmission and Stability 


COoUNTERPOISES FOR THE PROTECTION OF TRANS- 
MISSION LinEs, C. L. Fortescue, Westinghouse 
Electric & Mfg. Co. 


Corona Loss From 1.4 In. DiAMETER Conpbuc- 
tors, J. S. Carroll, Stanford University, and Brad- 
ley Cozzens and T. M. Blakeslee, Dept. of Water 
and Power, City of Los Angeles. 


ATTENUATION AND DISTORTION OF TRAVELING 
Waves, L. V. Bewley, General Electric Co. 


POWER LIMITS oF 220-Kv TRANSMISSION LINES, 
A. A. Kroneberg, Southern California Edison Co., 
Ltd., and Mabel Macferran, Metropolitan Water 
District of Southern California. 


PowEeR Limits oF SYNCHRONOUS MACHINES, 
Edith Clarke and R. G. Lorraine, General Electric 
Co. 


STEADY STATE STABILITY OF ComposiTE Sys- 
TEMS, S. B. Crary, General Electric Co. 


POWER LIMIT OF A TRANSMISSION SYSTEM, W. S. 
Peterson, Bureau of Power and Light of the City of 
Los Angeles. 


2:00 p.m.—Symposium on Long Distance 
Transmission and Reproduction in Auditory 
Perspective of Symphonic Music 


* FUNDAMENTAL REQUIREMENTS, H. Fletcher, 


Bell Telephone Laboratories, Inc. 


* AUDITORY PERSPECTIVE AND THE PHYSICAL 
Facrors AFFECTING It, J. C. Steinberg and W. B. 
Snow, Bell Telephone Laboratories, Inc. 


* ADAPTING THE SYSTEM TO THE CONCERT HALL, 
E. H. Bedell, Bell Telephone Laboratories, Inc., 
and I. Kerney, American Telephone & Telegraph 
Co. 


* AMPLIFIERS, E. O. Scriven, Bell Telephone 
Laboratories, Inc. 


* THE TRANSMISSION ASPECTS, R. W. Chestnut 
and R. H. Mills, Bell Telephone Laboratories, 
Inc., and H. A. Affel, American Telephone & Tele- 
graph Co, 


2:00 p.m.—Symposium on Electric Furnaces 


THE THREE-PHASE ARC FURNACE AS AN INDUS- 
TRIAL Unit, Samuel Arnold, 3rd, Engineer and 
sales representative, Heroult Electric Furnaces. 


ELEcTRIC FURNACE TRANSFORMERS AND THEIR 
EQuiIrMEentT, H. O. Stephens and L. S. Schell, Jr., 
General Electric Co. 


ELECTRODES—CARBON AND GRAPHITE, F. J. 


Vosburgh, National Carbon Co., Inc. 


ELECTRICAL EQUIPMENT FOR INDUCTION FuUR- 
NAcES, C. C. Levy, Westinghouse Electric & Mfg. 
Co. 


* Toe RockinG InprrREcT ARC ELECTRIC MELT- 
ING Furnace, E. L. Crosby, Detroit Electric Fur- 
nace Co. 


* HiGH-FREQUENCY INDUCTION FURNACES, C. A. 
Adams, Harvard University, and J. C. Hodge and 
M. H. MacKusick, The Babcock and Wilcox Co. 


Thursday, January 25 


10:00 a.m.—Distribution 


SUBURBAN DISTRIBUTION Economics AS DE- 
VELOPED FOR THE BosTON AREA, A. H. Sweetnam 
and C. A. Corney, The Edison Electric Illuminat- 
ing Company of Boston. 
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RADIAL Vs. PRIMARY NETWORK DISTRIBUTION— 
CoMPARATIVE Costs FoR A Curcaco Arps, H. E. 
Wulfing, Commonwealth Edison Co. 


FUNDAMENTALS OF ELECTRICAL DFLIVERY Sys- 
TEM Desicn, J. Allen Johnson and R. T. Henry, 
Buffalo, Niagara & Eastern Power Corp. 


A COOPERATIVE STUDY oF JoINT USE ON STATEN 
ISLAND INVOLVING 6,900-VoLT DistRIBUTION, W. 
R. Bullard, Electric Bond and Share Co., and D. H. 
Keyes, American Telephone & Telegraph Co. 


10:00 a.m.—-Electrical Machinery 


EXPERIMENTAL IGNITION RECTIFIER, L. R. 
Ludwig, F. A. Maxfield, and A. H. Toepfer, West- 
inghouse Electric & Mfg. Co. 


INDUCTION ALTERNATORS FOR THE GENERATION 
oF MopuLatep HicgH FREQUENCY CURRENTS, 
F. W. Merrill, General Electric Co. 


InDuCTION Morors Usep as SELSYN DRIVES, 
L. M. Nowacki, General Electric Co. 


A PorTABLE SCHERING BRIDGE FOR FIELD TESTS 
oF CONDENSER Busnincs, C. F. Hill, T. R. Watts, 
and G. A. Burr, Westinghouse Electric & Mfg. Co. 


* An A-C PoTENTIOMETER, S. L. Burgwin, 


Westinghouse Electric & Mfg. Co. 


IMPULSE GENERATOR CIRCUIT FORMULAS, J. L. 
Thomason, General Electric Co. 


* A New DeMaND METER, B. H. Smith, West- 
inghouse Electric & Mfg. Co. 


RULES ON PRESENTING 
AND DISCUSSING PAPERS 


At some of the technical sessions papers 
will be presented only by title. This will 
permit the devotion of more time to dis- 
cussion. At other sessions papers will be 
presented in abstract, 10 min being allowed 
for each paper unless otherwise arranged 


al 


Hudson Avenue generating station of the Brooklyn Edison Company, Inc., Brooklyn, N. Y. 
This view of the turbine hall shows the 2 single-shaft 160,000-kw turbine-generator units each 
with one generator on the shaft, and in the foreground one of the 110,000-kw self-compound 


turbine-generators. 


This plant is one of the interesting points which may be visited by those 


attending the Institute's forthcoming winter convention to be held in New York, N. Y., Jan. 
23-26, 1934. A description of the switching facilities at the Hudson Avenue station is 
given in this issue, p. 868-75 


2:00 p.m.—Electrical Machinery 


PROBLEMS INVOLVED IN DiREcT CONNECTING 
ROTATING MacuingsS TO OVERHEAD LINES, J. F. 
Calvert, Westinghouse Electric & Mfg. Co. 


SreaDyY STATE CHARACTERISTICS OF SYNCHRO- 
wous MACHINES, S. B. Crary, L. S. Shildneck and 
L. A. March, General Electric Co. 


SIMULTANEOUS CONTROL OF VOLTAGE AND 
Power Factor, L. F. Blume and F. L. Woods, 
General Electric Co. 


Tue Errects OF POLYPHASE RECTIFIERS ON 
A-C Suprpty SySTEM WAVE-SHAPE, P. W. Blye, 
American Telephone & Telegraph Co., and H. E. 
Kent, Edison Electric Institute. 


2:00 p.m.—Electrical Measurements 


Cross POTENTIALS OF A FouR ARM NETWORK, 
A. C. Seletzky, Case School of Applied Science. 


PRODUCTION AND MEASUREMENT OF HEAVY 
SuRGE CurRRENTS, P. L. Bellaschi, Westinghouse 
Electric & Mfg. Co. 


or the presiding officer meets with the au- 
thors preceding the session to arrange the 
order of presentation and allotment of time 
for papers and discussion. Authors will be 
notified officially in each case about one 
month in advance. 

Any member is free to discuss any paper 
when the meeting is thrown open for general 
discussion. Usually 5 min are allowed to 
each discusser for the discussion of a single 
paper or of several papers on the same gen- 
eral subject. When a member signifies his 
desire to discuss several papers not dealing 
with the same general subject, he may be 
permitted to have a somewhat longer time. 

It is preferable that a member who wishes 
to discuss a paper give his name in advance 


* These papers are under consideration for presen- 
tation at the winter convention, but up to date of 
going to press have not been officially placed upon 
the program. 
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to the presiding officer of the session at 
which the paper is to be presented. Each 
discusser is to step to the front of the room 
and announce, so that all may hear, his 
name and professional affiliations. Three 
typewritten copies of discussion prepared in 
advance should be left with the presiding 
officer. 

Other discussions to be considered for 
publication should be typewritten (in trip- 
licate) and mailed to the A.I.E.E. editorial 
department, 83 West 39th Street, New 
York, N. Y. 


Articles on X Rays Listed. The department 
of commerce of the U.S. Bureau of Stand- 
ards, Washington, D. C., has prepared a list 
of publications of the Bureau of Standards 
on X rays and in addition included refer- 
ences to a number of other articles on 
X rays. The majority of papers and articles 
mentioned in this bibliography may be 
obtained from the government at a small 
cost. Copies of this bibliography which 
contains 41 references, may be obtained 
from the Bureau of Standards, Washington, 
D.C. It is designated as LC-389. 


A Statement of Policy Governing 


Acceptance of Institute Papers From Nonmembers 


Tue question of whether the Institute 
should or should not accept for formal 
presentation and publication technical pa- 
pers prepared by and bearing the signature 
of nonmembers of the Institute has been 
seriously considered by the Institute’s tech- 
nical program and other committees, as well 
as by its board of directors. Inasmuch as 
the Institute’s policy with regard to non- 
member authors has been tightened mate- 
rially during the past year, and inasmuch 
as this policy is scheduled for rigorous en- 
forcement toward the general exclusion of 
papers by non-member authors, a_ brief 
review and explanation of the whole situa- 
tion is presented herewith in order that this 
important matter may be generally and 
clearly understood throughout the member- 
ship of the Institute. 

Following a careful study of the matter, 
the board of directors at its meeting May 
22, 1933, received the technical program 
committee’s specific suggestions for revision 
of the by-laws to bring them into con- 
formity with the policy proposed and, in 
accordance with established procedure in 
amending the by-laws, formally voted at 
its meeting June 28, 1933, to amend Sec- 
tions 35, 45, and 91 of the by-laws to read 
as follows: 


Sec. 35. District meetings shall be held, upon the 
approval of the board of directors in each instance; 
under the supervision of the geographical District 
officers and committees, in accordance with the 
following general plan: 

Upon expression by a District executive com- 
mittee of a desire to hold a District meeting, and 
approval by the board of directors, the responsi- 
bility for the meeting shall rest with a District 
meeting committee of 9, composed of the 7 members 
of the District coédrdinating committee and 2 
additional members representing the Section in 
which the meeting is to be held. This committee 
shall have full responsibility and authority for 
organizing and conducting such meeting in all its 
details, including the arrangement of sessions, the 
entertainment features, and, subject to Section 91 
of the by-laws, the selection of papers. Papers for 
a District meeting may be obtained from the 
District membership by the District meeting com- 
mittee, and if papers are desired from outside the 
District they shall be obtained by coéperation with 
the national technical program committee. All 
papers included in the program shall be considered 
for publication upon the same basis as papers for 
national meetings. The financing of District 
meetings shall be in accordance with the consistent 
general plan approved from time to time by the 
board of directors, after consideration of such 
recommendations as may be received from the 
officers and committees concerned. 


Sec. 45. Papers and discussions presented before 
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a Section or Branch shall be the property of the 
Institute, and may be published only on authoriza- 
tion of the publication committee. Where publica- 
tion in TRANSACTIONS of Section or Branch papers 
by nonmembers of the Institute is involved, ap- 
provals shall be obtained in accordance with 
Section 91 of the by-laws. 


Sec. 91. All committees responsible for the 
preparation of technical programs shall so direct 
their activities that all authors of technical papers 
will be members of the Institute in so far as this is 
consistent with keeping the membership fully 
informed as to developments in the electrical arts 
and sciences and in closely allied fields. It is 
recognized that there may from time to time be 
situations in which non-member authors or co- 
authors are desirable in order to obtain an authori- 
tative presentative of the subject matter, particu- 
larly in fields foreign but closely allied to the elec- 
trical arts and sciences. In such cases, papers by 
nonmembers may be accepted under regulations 
approved by the board of directors. 


With particular reference to the revised 
Section 91, it is contemplated that when a 
District or technical committee chairman 
believes it desirable to have a non-member 
author or co-author for a technical paper 
proposed for formal publication by the 
Institute and presentation at a national or 
District meeting, he shall, before the p:per 
is solicited or accepted for technical con- 
sideration, secure the approval of the chair- 
man of the technical program committee 
and the national secretary. The national 
secretary will report to the board of directors 
the action taken in each case. Approval 
for non-member papers, when given, will 
constitute authorization for the proposer to 
solicit the paper or to receive it for con- 
sideration on the same basis as papers by 
member authors—for review and for ap- 
proval or rejection on the basis of its in- 
trinsic technical merits. It is earnestly de- 
sired that, when applying for approval of a 
non-member paper, the sponsor should state 
the special circumstances involved in the 
case, including the qualifications of the non- 
member author and the reasons why ap- 
proval is considered to be advantageous to 
the membership of the Institute. 

Papers by nonmembers contemplated for 
Section or Branch meetings do not require 
any special approval by any authority 
other than the Section or Branch officers 
involved, except that the established pro- 
cedure will prevail when such papers are 
submitted for consideration for possible 
formal publication by the Institute subse- 
quent to or incident to their initial pres- 
entation. 


OBJECTS TO BE OBTAINED 


In developing these regulations it was 
generally agreed that the primary object 
of the Institute’s technical publications 
and technical meeting programs is to keep 
the Institute membership informed as to 
contemporary developments in the elec- 
trical arts and sciences and also in closely 
allied fields. The desirability of meeting 
this objective by giving preference in so far 
as possible to papers prepared by Institute 
members is obvious, especially since a 
secondary object of the Institute publica- 
tions is to provide a professionally accept- 
able channel through which members may 
make public a constructive record of their 
experiences and accomplishments. 

It is fully recognized, however, that in 
some cases the achievement of keeping the 
membership informed as to contemporary 
developments may require special addresses 
and technical papers by authors who are 
not members of the Institute. Such papers, 
thoughtfully selected with reference to the 
character of proposed national or District 
meetings, may add distinctly to the interest 
and value of the meeting. In this connec- 
tion, it is the expressed belief of many that 
have given the matter serious attention 
that non-member authors of papers preferably 
should be members in good standing of some 
recognized engineering or scientific body. 

These restrictive regulations, of course, 
are directed at material formally designated 
as “‘A.I.E.E. technical papers’’ which, by 
recommendation of one or more of the tech- 
nical reviewing committees, are made a 
part of the Institute’s published record; 
none of the regulations is intended to limit 
or restrict the editorial policy of ELECTRICAL 
ENGINEERING as it relates to special articles 
of timely general interest, inasmuch as that © 
policy was fully and carefully worked out 
by the publication committee and endorsed 
by the board of directors before it was placed 
in operation January 1, 1931. 


A.S.T.M. to Have 
New Headquarters 


The headquarters for the American 
Society for Testing Materials which for the 
past 14 years have been in the Philadelphia 
(Pa.) Engineers’ Club Building, will be 
moved at the end of 1933 to the Atlantic 
Building, 260 South Broad Street (N. W. 
corner Broad and Spruce Streets), Phila- 
delphia, Pa. This decision is the culmina- 
tion of studies begun several years ago when 
it became evident that more adequate room 
in another location would be only a question 
of time and finances. The present quarters 
not only leave much to be desired in attrac- 
tiveness and serviceability to members and 
visitors, but are also inadequate for the staff. 

The new rooms comprise about 2,600 
sq ft on the fifth floor of the Atlantic 
Building. This floor will be devoted to 
offices, reception room, members’ lounge, 
and board room. Also, about 850 sq ft 
on the fourth floor will be used for storage 
of current and back publications, and as a 
shipping and general work room. The 
Atlantic Building, built in 1923, is among 
the finest in Philadelphia, and has a loca- 
tion convenient to railroad stations, hotels, 
and clubs. 


ELECTRICAL ENGINEERING 


Institute's 50th Anniversary 
to Be Observed Fittingly in May 1934 


by view of the fact that the 50th anni- 
versary of the founding of the American 
Institute of Electrical Engineers occurs 
May 13, 1934, the Institute’s board of 
directors at its meeting October 20, 1933, 
considered recommendations made by the 
publication committee and by the commit- 
tee on codrdination of Institute activities 
for a fitting observance of that anniversary. 
Accordingly, the board authorized and pro- 
vided for the issuance of a special anni- 
versary issue of ELECTRICAL ENGINEERING 
for May 1934, and authorized the president 
to appoint a special 50th anniversary com- 
mittee to plan the celebration and to co- 
operate with the publication committee. 

As chairman of the 50th anniversary com- 
mittee President Whitehead appointed 
L. W. W. Morrow of New York, newly 
elected director of the Institute, and to 
serve with him, K. A. Auty of Chicago; 
A. W. Berresford, Gano Dunn, J. B. Jewett, 
and C. E. Stephens of New York; R. B. 
Bonney of Denver, Colo.; F. M. Craft of 
Atlanta, Ga., C. R. Higson of Salt Lake 
City, Utah; A. H. Hull of Toronto, Canada, 
B. D. Hull of Dallas, Texas; J. Allen John- 
son of Buffalo, N. Y.; G. A. Kositzky of 
Cleveland, Ohio; E. B. Meyer of Newark, 
N. J.; C. E. Skinner of Wilkinsburg, Pa.; 
A. C. Stevens of Schenectady, N. Y.; R. W: 
Sorensen of Pasadena, Calif.; Stanley 
Stokes, St. Louis, Mo.; and A. M. Wilson of 
Cincinnati, Ohio. By request, President 
J. B. Whitehead of Baltimore, Md., also 
will serve as a member of the committee, 
which includes all vice-presidents of the 
Institute. Losing no time in getting at their 
task, this committee held a preliminary 
meeting at Institute headquarters in New 
York, November 22, 1933, the results of 
which will be reflected in later issues of 
ELECTRICAL ENGINEERING. 

Anxious to omit no possible effort to pro- 
duce a volume of ELECTRICAL ENGINEERING 
for May 1934 that will memorialize fit- 
tingly the Institute’s half-century anni- 
versary, the publication committee has 
forwarded the following letter to District, 
Section, and Branch officers of the Insti- 
tute, and has provided for the reprinting of 
this letter in these columns so as to bring 
the matter directly to the attention of 
every member of the Institute, with an in- 
vitation for assistance and codperation. 
Similarly, Chairman R. N. Conwell of the 
technical program committee has brought 
the matter to the attention of all chairmen 
of technical committees. Full text of the 


letter follows: 


November 17, 1933 
To all 
Vice-Presidents and District Secretaries 
Chairmen and Secretaries of Sections 
Counselors of Student Branches 
Fiftieth Anniversary 
Gentlemen: A.I.E.E. May, 1934 


As a part of the celebration of the Fiftieth Anni- 
versary of the Institute, the Board of Directors has 
authorized a special issue of ELECTRICAL ENGINEER- 
ING. The Publication Committee and a Fiftieth 
Anniversary Committee, which has been appointed 
by the President, will supervise the preparation of 
this issue, for which the sum of $2,000 has been 
appropriated to defray extra publication expenses. 

The issue will appear in May and will consist of 
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about two hundred pages. There is a great deal of 
work to be done in a very short time and the appro- 
priation is comparatively small. 

Your coéperation is needed to make this anni- 
versary issue a successful one, and suggestions re- 
garding the type of material that will be of most 
value and the possible sources of such material are 
essential. Also, of major importance is the special 
advertising that might well be attracted to the issue 
if all possible channels are canvassed thoroughly. 
Since this issue should be of such value that it will 
be preserved by most of the membership as a refer- 
ence volume its advertising appeal is obvious. 

Tentative plans contemplate four general sec- 
tions of the proposed issue as follows: 

1—A section devoted to Institute history, reflecting 
also the lives and activities of the men responsible 
for the organization of the Institute and those promi- 
nent in its affairs. 

2—A section of reprints, in whole or in part, of a 
few of the earlier A.I.E.E. technical papers that 
have proved to be of particular significance in the 
light of later developments. 

3—A section containing a group of articles, each 
written by a past-president of the Institute, re- 
flecting the human as well as the technological 
phases of electrical development. 

4—A section containing one or two strong articles, 
especially inspiring articles, looking toward the 
future of the Institute and its professional rela- 
tionship. 

Will you please give the committee the benefit of 
your advice and any suggestions which you may 
have which will aid us in making this Fiftieth Anni- 
versary Issue of ELECTRICAL ENGINEERING a par- 
ticularly interesting one? 

Very truly yours, 
(signed) E. B. Meyer, Chairman 
Publication Committee 


Bibliography on Vibration 
in Electrical Conductors 


A bibliography on conductor vibration 
containing a total of 176 items and pre- 
pared by the subcommittee on steel trans- 
mission towers and conductors of the 
Institute’s power transmission and dis- 
tribution committee was announced in the 
February 1932 issue of ELECTRICAL ENGI- 
NEERING, p. 135, as being available. This 
bibliography has now been extended to 
include all supplements and additions to 
November 1933, and contains some 165 
mimeographed sheets bound in a single 
volume. 

The general sections into which the 
bibliography has been divided are as follows: 
1. Vibration of relatively small amplitude in 


electrical cables exposed to light winds, to excessive 
corona, and to other like media and phenomena. 


Future AIEE Meetings 


Winter convention, 
New York, N. Y., Jan. 23-26, 1934 


North Eastern District meeting, 


Worcester, Mass., Spring 1934 


Summer convention, 
Hot Springs, Va., June 25-29, 1934 


Pacific Coast convention, 
Salt Lake Citv, Utah, Sept., 1934 


2. Jumping, shaking, or dancing conductors due 
to a number of causes, one of which is partial glaze 
coatings and ice formations on the wires. 

3. Wind structure. 

4. Wind force, wind stresses, and wind bracing of 
buildings. 

5. Wire rope research. 

6. Sound and noise. 

7. Fatigue and allied researches. 


8. Inelastic behavior of springs and 
hysteresis. 


elastic 


As long as they are available, copies of 
this bibliography may be obtained by 
members of the Institute particularly in- 
terested in the subject, from the following: 
C. S. Rich, A.I.E.E. Headquarters, 33 West 39th 
Street, New York, N. Y. 

D. M. Simmons, General Cable Corp., 420 Lexing- 
ton Avenue, New York, N. Y. 
A. E. Davison, Hydro-Electric Power Commission 


of Toronto, 620 University Avenue, Toronto, 2, 
Canada. 


John Fritz Medal 
for 1934 Awarded 


The John Fritz Gold Medal for 1934 was 
awarded to John Ripley Freeman at the 
regular annual meeting of the John Fritz 
Medal board of award, October 20, 1933. 
The award was made posthumously be- 
cause of Doctor Freeman’s sudden death on 
October 6, 19382, during the procedure for 
his selection as a medalist. The award 
was made by a board of 16 representatives 
of the national societies of civil, mining, 
mechanical, and electrical engineers, each 
representative being a past-president of one 
of these societies. The medal was awarded 
to Doctor Freeman as ‘‘Engineer—pre- 
eminent in the fields of hydraulics and water 
supply, fire insurance economics, and analy- 
sis of earthquake effects.”’ 

The John Fritz Gold Medal is awarded 
not oftener than once a year for notable 
scientific or industrial achievement without 
restriction on account of nationality or sex. 
It is a memorial to the late John Fritz, a 
leader in the American iron and steel indus- 
try, the first medal having been awarded to 
Mr. Fritz in 1902. Members of the Insti- 
tute who have received this medal include: 
Elihu Thomson (A’84, F’13, HM’28, mem- 
ber for life, and past-president); Guglielmo 
Marconi (HM’17); Ambrose Swasey (HM 
28); Edward D. Adams (A’10); Elmer A. 
Sperry (M’29); Herbert Hoover (HM’29); 
and M. I. Pupin (A’90, F’15, HM’28, mem- 
ber for life, and past-president). Other 
John Fritz medalists, no longer living, in- 
clude: George Westinghouse (A’02); 
Alexander Graham Bell (A’84, M’84, and 
past-president); Thomas A. Edison (A’84, 
M’84, HM’28); and John J. Carty (A’90, 
F’13, HM’28, member for life, and past- 
president). 

Doctor Freeman, the 30th engineer to re- 
ceive the John Fritz Medal, was born at 
West Bridgeton, Maine, in 1855, and gradu- 
ated from Massachusetts Institute of Tech- 
nology in 1876. In this country, he has re- 
ceived the honorary degree of doctor of 
science from Brown University, 1904, Tufts 
College 1905, University of Pennsylvania 
1927, and Yale University in 1931. His 
early years were spent in hydraulic power 
work in New England. In 1886 he became 
connected with the Associated Factory 
Mutual Fire Insurance Companies, at 
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Providence, R. I., and made outstanding 
contributions to improvement of mill 
buildings and development of fire preven- 
tion apparatus. In 1896 he became presi- 
dent and treasurer of a group of fire in- 
surance companies, with offices at Provi- 
dence. He was at various times member of 
boards for the study of water supply for 
Boston, Mass., and New York, N. Y., and 
was a member of a commission to study 
special problems of the Panama Canal re- 
lating to dam and lock foundations, pre- 
vention of earth slides, etc. His consult- 
ing engagements included many of the large 
communities of the United States and other 


Engineers’ Council for 


countries, as well as many important indus- 
trial corporations. He inspired and led 
notable investigations of earthquakes. Doc- 
tor Freeman was president of The American 
Society of Mechanical Engineers in 1905, 
and of the American Society of Civil Engi- 
neers in 1922. In 1923 The American So- 
ciety of Mechanical Engineers awarded him 
its gold medal ‘‘for eminent services ren- 
dered to industry and fire prevention.”” He 
was a member of United Engineering Trus- 
tees, Inc., and was also a member of the 
National Academy of Sciences and nu- 
merous other scientific and engineering 
organizations. 


Professional Development Discussed 


Irerest at the meeting of the Middle 
Atlantic States Section of the Society for 
the Promotion of Engineering Education 
held at Cooper Union in New York, N. Y., 
November 11, 1933, centered on the Engi- 
neers’ Council for Professional Develop- 
ment, which, as announced in the last 2 
issues of ELECTRICAL ENGINEERING, is now 
being actively brought before the engineers 
of the United States. 

Fifteen institutions in New York, New 
Jersey, Pennsylvania, and Delaware were 
represented at this meeting. Representa- 
tives of education and industry addressed 
the meeting, and plans were discussed to 
further what was described as ‘‘the most 
constructive and forward looking program 
that has ever been presented for advancing 
the status and recognition of the engineering 
profession.”” Among those who spoke 
at this meeting were: Dr. C. F. Hirshfeld 
(A’05) chairman of the Engineers’ Council 
for Professional Development and chief of 
the research department of the Detroit 
(Mich.) Edison Company; Dr. D. B. 
Steinman, member of the executive com- 
mittee of the E.C.P.D., and consulting 
engineer, New York, N. Y.; Prof. H. P. 
Hammond, member of the committee on 
engineering schools of the E.C.P.D., and 
professor of civil engineering at the Poly- 
technic Institute of Brooklyn, N. Y.; 
and Gen. R. I. Rees, chairman of the com- 
mittee on professional training of the 
E.C.P.D., and assistant vice-president of 
the American Telephone and Telegraph 
Company, New York, N. Y. A. R. Culli- 
more, president of the Newark (N. J.) 
College of Engineering, presided, and 
R. Fulton Cutting, president of the board 
of trustees of Cooper Union, delivered an 
address of welcome. 

Parts of the principal addresses delivered 
at this meeting are given in this article. 
Excerpts from Doctor Hirshfeld’s address 
are as follows: 

“We are living in a period in which it 
has become the style to question with the 
utmost freedom -practically everything 
having to do with the life of man. Re- 
ligious forms and teachings, social organi- 
zations and values, economic theories and 
practices, the significance of family life 
and family ties, physical science which 
was thought by many to rest on an abso- 
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lutely unassailable foundation, all these 
and more are being subjected to an in- 
quisition of unprecedented character and 
extent. 

“Tt is commonly held that out of this 
chaos there is to emerge a new social, 
economic, and cultural order resulting from 
a revaluation of that which has been and a 
reorientation with respect to that which 
is to be. I find myself unable to travel 
with the mob in these respects. To me we 


‘shall end by discovering once more the 


reality and significance of certain eternal 
verities, or at least verities which shall be 
such for so long a time that for our present 
purposes we may regard them as eternal. 

“History does not show any case in which 
an existing order, an existing culture, or 
an existing anything else of significance has 
been thrown away overnight and success- 
fully replaced by new somethings created 
full grown from the brain of man. And I 
do not believe that we have suddenly be- 
come such superhuman individuals that we 
can accomplish successfully such a super- 
human task. 

“T feel very certain that we shall shortly 
realize that man is man, that in spite of a 
large admixture of idealism in the mass he 
is actuated very largely by considerations 
of self-interest as an individual. More- 
over, I believe that we shall also realize 
that no workable social organization can be 
produced which does not take this into 
account and therefore provide for the rather 
generous exercise of the individualistic 
urge. And further, I am positive that we 
shall rediscover the impracticability of 
attempting to repeal by fiat, laws of 
economics and of human relations which, 
after all, are but expressions of the natural 
psychological reactions of man to certain 
conditions. 

“Tf the industrialist insists on producing 
more shoes or more automobiles or more 
anything else than the market requires no 
governmentally hatched and administered 
plan is going to make the world pay more 
than the product is worth to it. 

“You may wonder why I preface my 
address on the Engineers’ Council for Pro- 
fessional Development with thoughts of 
this character. I have 2 reasons and both 
seem good to me. 

“First, if we are to have any such tre- 


mendous social and economic upheaval 
as is being freely predicted and if out of it 
are to come such new forms of social and 
economic practice as has been freely pre- 
dicted it would be foolish to carry on at the 
present time any such movement as this 
Council stands for. We might better wait 
to discover the characteristics of the new 
order and then attempt to determine what 
might be done to the best advantage under 
such conditions. 

“Second, if we are, as I suspect, to return 
in the end to essentially what we had be- 
fore, the sooner we can get a large part of 
the educated and potentially powerful 
and influential fraction of our population 
thinking sane thoughts based upon an 
appreciation of human nature and of human 
relations as they have shown themselves 
historically to be and undoubtedly still are, 
the better. It is practically the function of 
the Council to produce just such a result 
with respect to some part of that fraction. 

“When all the political fireworks and 
minority smoke screens and _ theorists’ 
‘Isms’ have cleared away we shall find 
ourselves in much the same sort of a world 
as we grew accustomed to before we learned 
enmass to spend more than we had or could 
get and before we grew accustomed to 
believing that politically actuated congress- 
men and cloistered: bureaucrats could solve 
problems and administer activities which 
tax the best brains that we have. 

“Looking back over the world that has 
been, I think it very evident that the 
individual who we call the engineer has been 
always present, first in more or less em- 
bryonic form and later in what may be 
called the stages of childhood and of ado- 
lescence. To me he is just about emerging 
from the state of adolescence at present. 

“Let me point out to you that he has 
only recently discovered the tremendous 
powers that he possesses and that, in char- 
acteristic adolescent fashion he has used 
them without any great amount of thought 
to the ultimate results of such use. Through 
his productivity he has radically changed 
the life of the human family. Very little 
is now done in the way in which it was done 
only a short time ago as time is reckoned 
in terms of human history. 

“And now this virile but reckless youth 
appears to me to have arrived at the place 
where he must become grown up; where he 
must recognize his responsibilities to the 
other parts of the human family; where he 
must study well the probable effects of his 
seeds before he plants them and accept 
some measure of responsibility for his off- 
spring, their doings, and their influence. 

“You can see many signs of this if you 
will but look. The public press which is 
always a good reflector though often a poor 
evaluator is fairly consistent in blaming 
many of our present ills upon the engineer. 
All appear to agree that he has wrought well 
but irresponsibly. The States have in 
many cases decided that his works are of 
such tremendous significance and fraught 
with such potentialities for evil as well as 
for good, that it is necessary to use their 
police power to put some measure of control 
upon his activities. 

“The industrialists and others who hire 
and who use engineers in large numbers 
are complaining that he is too single tracked 
an individual, that, in general, he knows 
one thing well and most others not at all. 
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You educators of engineers have become 
cognizant of the fact that the product of 
yesterday does not measure up to the de- 
mands of today and are working diligently 
and sometimes frantically to discover how 
to produce the product that seems to be 
demanded. 

“As I see it the engineer has had a com- 
paratively easy time of it. He has dealt 
with problems amenable to factual attack. 
To be sure, judgment has been required 
frequently in large measure but even then it 
had a fairly substantial factual basis. 
Working in this way he has advanced our 
civilization lopsidedly in that he out- 
stripped the workers in other fields in which 
factual methods of attack have not been 
developed or possibly in some of which they 
are not applicable. 

“There is nothing really alarming in this. 
Human progress has always been by means 
of wedges driven ahead of the general line 
of progress. The danger comes in per- 
mitting any wedge to get too far out ahead 
of the line. - And, curiously, the human 
social organism seems to have an inherent 
reaction which prevents suth catastrophies. 
The wedge is either lopped off or the line 
catches up. In the present case I am 
satisfied that we shall discover that we 
cannot get along without the engineer and 
his advances, therefore the wedge cannot be 
lopped off. We shall have to maneuver so 
that the line catches up.” 

In his address, Dr. D. B. Steinman 
described the immediate program of the 
Council. Excerpts from his address follow: 

“To give the engineer a clearly recogniz- 
able professional standing, to make engi- 
neering an integrated, unified profession, 
and that new men shall enter with a con- 
sciousness of the profession as a defined, 
corporate entity, a codrdinated system of 
selection, guidance, training, and certifi- 
cation must be developed, covering the 
entire period. of preparation, education, 
and apprenticeship, from high school to 
admission into the profession. 

“The general public cannot be expected 
to have proper appreciation of the true 
engineer until there is a clear cut line of 
recognition and certification instead of the 
present indefiniteness, misunderstanding, 
and confusion. 

“This line of demarcation must clearly 
and recognizably separate the real engineer 
from the pseudo-engineer or the incompe- 
tent, the man admitted into the profession 
from the student engineer or engineer 
apprentice, the man with proper technical 
and cultural education from the untrained 
or half-trained, the man legally permitted to 
practice engineering from the man legally 
debarred. 

“The present situation is unquestionably 
one of ambiguity and confusion. There is 
no logical reason why different engineering 
schools should give widely varying degrees 
for the same standard of attainment or 
identical degrees for different standards of 
attainment. There is no logical reason why 
different national engineering societies 
should have such diverse admission stand- 
ards for membership, and such discrepant 
designations for membership grades of 
comparable standards. There is no logical 
reason why the different states should have 
differing qualification standards for the 
licensing of engineers. “+ 

“Tt is illogical for engineering societies 
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to give their stamp of membership to men 
who the State Registration Boards cannot 
admit into the profession. It is illogical for 
the engineering schools to stamp young 
men as engineers by giving them the pro- 
fessional degree, when the profession holds 
and the law declares that these young men 
are not yet engineers and must undergo 
additional training through apprenticeship 
before they can use the professional degree. 
The strength and prestige secured by other 
professions in this country and’ the engi- 
neering profession in other countries are 
also attainable by us if we adopt a program 
of united action for these objectives.” 

Prof. H. P. Hammond discussed ‘‘The 
Problem of Accrediting Engineering Col- 
leges,”’ including in his address the follow- 
ing: 

“Whatever our views as to the desira- 
bility of accrediting may be, we must 
recognize it as a condition to be dealt with 
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and not merely as a theory. Accrediting 
of engineering colleges we already have 
with us, whether we approve of it or not. 
Engineering colleges are not only now 
recognized or approved by educational 
agencies—-the several regional associations, 
associations of universities and colleges. 
and the like—but they are also recognized 
or approved by the profession through the 
national engineering societies and for legal 
purposes in many states by the state engi- 
neering licensing boards. 

“Our present problem, therefore, is not 
to determine whether there shall be ac- 
crediting, but whether the schools them- 
selves, either individually or through this 
Society as their common agency, or through 
its membership, in turn, in some other 
representative agency, shall participate 
in determining the methods and procedures 
and the standards in accordance with 
which they shall be accredited.” 


A.|.E.E. Prizes for Technical Papers 


Av THORS who plan to present papers 
before the Institute during the calendar 
year 1934, those who have presented papers 
during 1933, and others who may wish to 
submit papers for prizes, would do well to 
bear in mind that such papers are eligible 
for consideration for Institute prizes. 
These awards are made each spring for 
the preceding calendar year, and fall into 
2 main classes, national and District prizes. 

On account of the reduced income of the 
Institute, the board of directors decided 
to omit the cash awards for papers’ pre- 
sented during the calendar year 19338, 
except that a payment of $25 in cash will 
accompany each District Prize for Branch 
Paper. All certificates will be issued as 
usual, those for national prizes signed by 
Institute officers, and those for District 
prizes signed by the officers of the Districts 
concerned. In cases of joint authorship, 
a certificate will be issued to each author. 


NATIONAL PRIZES 


The national prizes which may be 
awarded at the discretion of the com- 
inittee on award of Institute prizes are as 
follows: 


1. Prizes for best papersin (1) engineering practice, 
(2) theory and research, and (3) public relations 
and education. 


2. Prize for initial paper. 
38. Prize for Branch paper. 


The national prize for best paper in 
each of the 3 classes indicated may be 
awarded to the author or authors of the 
best original paper presented at any na- 
tional, District, or Section meeting of the 
Institute, provided the author, or at least 
one of co-authors, is a member of the 
Institute. 

The national prize for initial paper may 
be awarded to the author or authors of the 
most worthy paper presented at any na- 
tional, District, Section, or Branch meeting 
of the Institute, provided the author or 


authors have never previously presented 
a paper which has been accepted by the 
technical program committee, and the 
author, or at least one of co-authors, is a 
member of the Institute or is a graduate 
student enrolled as a Student of the In- 
stitute. 

The national prize for Branch paper 
may be awarded to the author or authors 
of the best paper based upon undergradu- 
ate work presented at a Branch or other 
Student meeting of the Institute, provided 
the author or authors are Student Branch 
members. 

All papers approved by the technical 
program committee which are presented 
at any meeting will be considered by the 
committee on award for the prizes for best 
paper and initial paper without being for- 
mally offered for competition. All papers 
other than those presented to the technical 
program committee must, in order to 
receive consideration, be submitted in 
triplicate with a written communication 
to the national secretary on or before 
February 15 of the year following the 
calendar year in which they were presented. 
This may be done by the author or authors, 
by an officer of the Institute, or by the 
executive committees of Sections, or Geo- 
graphical Districts. 


DISTRICT PRIZES 


The following District prizes may be 
awarded each year in each Geographical 
District of the Institute. 


1. Prize for best paper. 
2. Prize for initial paper. 
3. Prize for Branch paper. 


A District prize may be awarded only 
to an author who, or to co-authors of whom 
at least one, is located within the District, 
and for a paper presented at a meeting 
held within, or under the auspices of, the 
District. 

The District prize for best paper may be 
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awarded for the best paper presented at a 
national, District, or Section meeting, 
provided the author, or at least one of 
co-authors, is a member of the Institute. 

The District prize for initial paper may 
be awarded for the best paper presented 
at a national, District, Section, or Branch 
meeting, provided the author or authors 
have never before presented a paper before 
a national, District, or Section meeting 
of the Institute, and the author, or at least 
one of co-authors, is a member of the 
Institute or a Graduate student enrolled 
as a Student of the Institute. 

The District prize for Branch paper may 
be awarded for the best paper based upon 


undergraduate work presented at a Branch 
or other Student meeting of the Institute, 
the author or authors of which are Student 
Branch members. 

All papers to be considered in compe- 
tition for District prizes must be submitted 
in duplicate by the authors or by the 
officers of the Branch, Section, or District 
concerned to the District committee on 
awards on or before January 10 of the 
year following the calendar year in which 
the papers have been presented. 

Copies of a pamphlet entitled ‘‘National 
and District Prizes’? may be secured, with- 
out charge, upon application to Institute 
headquarters. 


Much Unemployment Relief 
Carried On During Past Year 


Unemptoyment relief being carried 
on in the metropolitan area of New York, 
N. Y., by the Professional Engineers 
Committee on Unemployment, known 
locally as the P.E.C.U., is worthy of na- 
tional attention as it affords a guide to 
similar work which has been and may be 
carried on in other sections of the coun- 
try. A summary of this work for the year 
ending October 1, 1933, therefore is pre- 
sented herewith, similar to that for the 
previous year given in ELECTRICAL EN- 
GINEERING for November 1932, p. 809-18. 
At the end of the present report, a proposed 
plan for extending employment of engineers 
is given. 

The P.E.C.U. represents the New York 
Sections of the American Society of Civil 
Engineers, The American Society of Me- 
chanical Engineers, the American Institute 
of Electrical Engineers, the American In- 
stitute of Mining and Metallurgical En- 
gineers, and the Society of Naval Architects 
and Marine Engineers. 

As contact could not be kept with all 
individuals who had registered with the 
P.E.C.U. during the year 1931-32 without 
heavy expense, a completely new registra- 
tion was opened in October 1932; 3,015 
were registered this year, of which 957 also 
were registered during the previous year. 
Of this total 50 per cent were financially 
able to take care of themselves and conse- 
quently the principal effort was devoted 
toward the relief of those who were either 
destitute or close to destitution. Relief 
had been guided by the degree of destitu- 


tion rather than by society membership, 
provided investigation of the applicant’s 
past record showed that he was truly within 
the engineering profession. In Tables I 
and II, information on registration and 
placement is summarized, and in Tables III, 
IV, and V, is given information on the regis- 
trants prior to their being enrolled with the 
P.E.C.U. In Table VI, the estimated dollar 
values in earnings made by the registrants 
placed by this organization during the 
past year, and the sources from which the 
funds were supplied are given. 

The P.E.C.U. coéperated with the En- 
gineering Societies Employment Service 
in the placing of members in engineering 
positions, but left the placement in these 
positions largely to this employment ser- 
vice. Since many men have been placed 
through this latter organization who were 
not on the rolls of the P.E.C.U., the ac- 
companying tables should not be construed 
to be a true indication of engineering reém- 
ployment. Engineering positions have been 
found for 6 per cent of the total registrants 
of the P.E.C.U., made work for 19 per cent, 
and non-engineering positions for 8 per cent. 
In addition 7.5 per cent have received loans 
totaling $8,239.50; 31.5 per cent have re- 
ceived food, clothing, shelter, medical aid, 
or other relief through the social service 
subcommittee, and the women’s committee 
alone has aided 194, or about 6 per cent of 
the registration. 

A series of educational courses directed 
by Dr. A. D. Flinn, secretary of the United 
Engineering Trustees, Inc., were attended 


Table I—Classification by Societies 


? % of Total % of Each 

Regis- Regis- % of Total Society 

tered tration Placed Placed Placed 

Am. Soc. Mec. POM SES pa iaiieicits Bienes wat shauap Meteors Reeves 51 6ineeee 1 ly ieee A eng 1S6a jae Dela iacatels 36.0 

DA ISS CTR TS OF (7 RR a can ea ee 340 Fane DTS eters. LIS t-te gM ee Neat es 35.2 

ESE LCC HEON TSS. fen cqare sateen t Site Hee Mies 259 seo eae Bie Onrerckee Bl caters LOCO sae 31.7 

PU eRSt MitrecMiet. Emgrs st.) . i seo. ecto orale aOes. ctr LEG eetcrar 20. Geist Qi S Br. 40.8 

Soc. Naval Arch’t and Marine Engrs.............. 10...... Stns ayats Ca ees Brrr Si 40.0 

ormer society membets;.. 2-002... ccc ice es coven Tee Biase oe Dilictrehiysts Oe Ootivenstee 24.1 

MNCSTRITUC LIAISONS fies e. ayers ote vave! nia ever Ratesa ee ced sieliiahee, 08 L720 See Ley Bay aden OS Jee cee re CE es ses cri 22.2 

BO tanta Moles! ciate aisfas Va iers) Sviieials 8 cide esas bere 3,016 55.0 ss LOOKO Ror ote S20... 100. Orn aia 27.2 
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by over 200 engineers, and Columbia Uni- 
versity opened its doors without cost to 138 
engineers certified by the P.E.C.U. This 
work has done much to maintain the morale 
of those not having regular positions. 


FINANCIAL STATEMENT 


During the past year the P.E.C.U. has re- 
ceived contributions in cash of $52,961.91, 
making a total contributed during the 2 
years of operation $160,369.87. A balance 
of $20,242.63 was left by the previous com- 
mitteee to begin this year’s activities; 
$57,264.52 has been expended, leaving a 
balance of $15,798.35 to begin the coming 
year. All of this money has gone as direct 
relief to unemployed engineers. The staff 
is composed of destitute engineers receiving 
$5 per day as salary, and a few volunteers 
are serving without pay. Stenographic as- 
sistance was furnished by the city relief 
bureau. General expense such as printing, 
postage, and telegrams, amounting to 
$5,484.27, has been furnished by the local 
sections of the engineering societies and by 
special donations for this purpose. Space 
in the Engineering Societies Building has 


Table Il—Actual Positions Filled 


PE CU stati and fieldtcuc. accuses 92 
Engineering positions. 20: 1c. eee 180 
Emergency work bureats:).= 72) 12 ne eaelels 477 
Other non-engineering positions............... 240 

"Totals seisny A cae acne sis ashe ack eyo nc eboee eee eae 989 


Table III—Ages of Registrants 


Under 30ivearsiofiagey.2s. hee eee oe 1,018 
From: 31 (to:40ind screed 3). Sa ree 1,129 
From:41 t0:50) jaca tok eit area ea eer 619 
OVER GUS fore ase weirs ach casite ene ona aierv elapse eee eee 249 

Total ink ace tees RI 3,015 


Table IV—Avnalysis by Salary Groups 


Previous Salary 


Over $6,000 per year................ hue 
From $3,600 to $6,000 per year........ cembelte 
From $2,400 to $3,600 per year............. 1,323 


Less than $2;400 per year............-.-«.6 823 
‘i Shag 
Total :2hic eiestinz srk nae seal Bee 3,015 

been provided for staff offices. The finan- 


cial statement as of September 30, 1983, is 
given in Table VII. 


WORK OF THE 
SOCIAL SERVICE .DIVISION 


The services now rendered by the social 
service committee of the P.E.C.U. started 
on November 380, 1932 and include the 
following: food; clothing, emergency cash 
loans, medical aid and _ hospitalization; 
lodging relief; home mortgage foreclosure 
prevention; dispossess preventing and rent 
relief; gas and electric shut-off prevention; 
fuel supply; legal aid; advisory assistance 
to raise money on frozen assets, and visits 
to the home by the Women’s committee 
social worker. Out of the 3,800 registrants 
of P.E.C.U., 900 have come to the social 
service division for help. A little more than 
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Table V—Analysis by Previous Positions 
<2 ee eee 


Previous Position Registrants 
Draftsmen 
SY ERCLNELESIBS 2 ye ate a Pe 628 
Tndisttial erie. cic Most ae oh eb 566 
Construction 
Uperntenaencer cis aun leat slicks sos 213 
DURVEVOLScnimetwnee! at fats Sah yeas ens 215 
CO) Micenworkersnrty.c @ Aes sete ccs ol es 285 
Industrial 
Plamtseneineerse.: repro vec ok cl dovartincacn on 352 
OMicerworkerss redirects a icici Saeed os eng 27 
WALESEN RINCERSEitra etnias <i ea hon eae 113 
ecentigradtatestsem atic ects el.c coos ska 121 
MANIN SHENZINCETS Leo tae Sch beeline oe 17 
Ghemicaltengiieersinami tia eee Siretarslelbwve 11 
BeNeccarchrengineersimenttencas sey sa.a+set.. 80 
WMaratielen SINec4rs tin tacr.obice rei ie eke 30 
RCaCHOTEH CINCErS MEER a Tee rane rans 54 
GeeGlOCists Naeemnes PoE he meee Bic in cavin en k 8 
Public utilities engineers................... 159 
Valuation and appraisal engineers........... 23 
VNISCEHANCOUS Wianncint cukeren et Gis neh S ephoces 108 
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Table Vi—Estimated Dollar Value of Earn- 
ings During Past Year 


Professional Engineers Committee on 
Wtlemiployieniterts step sss, ete steamer $44,276.00 


Emergency work bureaus............. 192,168.00 
Engineering positions................ 103,151.00 
Other nonengineering positions........ 144,482.00 
Men placed during the 1931-32 season 
who are still employed and registered 
WIE ESE CU ter notre ns ee 254,574.00 
Total estimated earnings of regis- 
CEANES oyenieiraiers ei ve le @ersmcumereiee 4 $738,651.00 


one-half of this number are not members of ' 


any one of the principal engineering so- 
cieties; about 45 per cent are members. 
During the 10 months’ activity of this 
committee prior to October 1, 1983, groceries 
and food in 30-lb packages aggregating over 
108,000 Ib have been supplied through the 
codperation of the American Red Cross 
and the city’s work bureau. Also more 
than 7,400 emergency meal coupons have 
been given to single men. Donations of 


new and used clothing and of shoes, have 
been received and widely distributed, and 
a special children’s shoe fund has been set 
up. These and the other items mentioned 
above have been of considerable assistance 
to the registrants of the P.E.C.U. and their 
wives and children. 


ACTIVITIES OF WOMEN’S COMMITTEE 


A women’s division of the P.E.C.U. was 
formed January 2, 1933, to handle special 
cases referred to it. A total of 365 cases 
was submitted to this committee during 
the first 9 months of its operations and in 
184 cases aid has been given. The majority 
of the other cases were turned over to the 
employment department since the special 
need in these latter cases was work. 

In addition to supplying shoes, clothing, 
fuel, emergency loans, and similar aid, one 
of the most important phases of the work 
of this committee has been in furnishing 
medical aid, 96 medical cases having been 
cared for. It has been found that in many 
cases the extending of sympathy was 
greatly appreciated, sometimes valued at 
even more than financial aid, and has as- 
sisted in maintaining morale. 


PROPOSED PLAN FOR 
EXTENDING EMPLOYMENT 


During the past year the P.E.C.U. has 
interviewed practically every firm in the 
New York area in which there is a member 
of the A.S.M.E. or the A.I.E.E. Banks, 
title companies, and similar organizations 
also have been contacted, and since the 
inauguration of the National Recovery Act 
contact with as many as possible of all large 
companies has been maintained. Approxi- 
mately 3,000 contacts made during the past 
year have resulted in 535 temporary oppor- 
tunities and 345 permanent opportunities. 
It has been found that in many cases re- 
quests have come in for men a number of 
weeks after these calls were first made. 

Experience obtained by the P.E.C.U. in- 
dicates that such activity, although valu- 
able, is not adequate to take care of the 


Table Vil—Financial Statement of Relief, Sept. 30, 1933 


Receipts 


Balance on hand Oct=1, 1982..............0.04%. 
Cash received Oct. 1 to Aug. 31, 1933............ 
Repaid loans, September.............+eeereeees 
Old contributions, September...........--+-++0-- 
New contributions, September............-.-.+-- 


Pied GES PAI so iste sofas 6 sce aes noise ei see) dot e suejeisies 


GSPAanaico Calera devdneteien sd) ts1 ehalolieeysyerel spe ieiere oo) 6.6 


Expenditures 


Relief payments Oct. 1 to Sept. 30, 1933......... 
Loans (gross).. Dp ie aes ate v ec aipa ter meas seers 


Relief committee total.........0...s+eeeeeees 
Social service committee.........0 cece eee eens 
Board of transportation fund..............+++-- 
Courses for disengaged engineers...........++- 
U. S. coast and geodetic survey..........+++++- 


Balance available Sept. 30........+.0+-e+ee0> 
Less pledges umpaid......-..-se-seeeeeeereeee 


Total cash in banks Sept. 30.......-.+---5- 


(a) Appropriation to August 14, 1933—$58,000 
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Pee coe Nora DPUcOmIeinD vearaochant oC $73,125.87 


SOO Doo DOOD Cnn Sabo mane Mog or $73,640.97 


63.00 


$73,062 . 87 
578.10 


$44,736 .00 
8,184.50 


Bars Rsistieeterewe mies orehe «, stabslavete $52,920.50 (a) 


2,850.00 
415.00 
480.00 
599.02 57,264.52 


$16,376.45 
578.10 


present situation, and that engineering op- 
portunities must be discovered in industries 
not now using engineers to a great extent. 
It is proposed to study each industry to dis- 
cover unrecognized openings for the en- 
gineer. These openings must: 


1. Be positions bringing an attractive financial 
return to the employer. 


2. Be positions which only the engineer can fill. 


3. Not interfere, for the present at least, with 
anyone now employed. 


There are 2 major obstacles in the dis- 
covery of such openings: 


1. The employer must be convinced of his need 
by showing him the large losses which he is now 
experiencing through lack of engineering assistance. 


2. The unemployed engineer is discouraged by 
continuous and unsuccessful job-hunting, and only 
a few understand the technique of job-finding. 


The proposed plan is as follows: 


1. Select one engineer from each industry or phase 
of engineering activity, to organize a committee 
within the industry or phase of activity. 


2. This committee to study the industry to dis- 
cover opportunities for engineering usefulness. 


3. List these opportunities and specify the quali- 
fications of the engineer to fill these positions. 


4. Send this list and specification to the P.E.C.U. 


5. Prepare written arguments to employers show- 
ing the advantages of employing engineers for such 
positions. 


The P.E.C.U. will then notify properly 
qualified engineers that such opportunities 
are available in this industry and advise 
the engineer to: 


1. Study the industry. 
2. Study himself. 


3. Prepare a written statement of the service he 
can render the proposed employer. 


4. With the assistance of the P.E.C.U. the em- 
ploying individuals in the industry will be found for 
the engineer but he must secure the position through 
his own efforts in presenting logical reasons for such 
employment. 


In the meantime, the P.E.C.U. will have 
circularized the prospective employers in 
an effort to convince them of the need of 
employing engineers. They will further 
help the engineer by advice and in studying 
the industry but will insist that each man 
secure his place by his own efforts. 

No attempt will be made to organize all 
industries at one time. Only as rapidly as 
suitable personnel for the committees has 
been secured, will the studies be started. 
Further, no attempt will be made to extend 
this work nation-wide until at least one 
industry is organized. This work must be 
done thoroughly, bearing in mind that a few 
mistakes in placing unqualified engineers in 
new activities will do untold harm. How- 
ever, the local sections of the national en- 
gineering societies will be kept informed of 
progress. 


Many Foot-Candle Meters Sold. Atten- 
tion has been called by G. H. STICKNEY 
(A’04, F’24) consulting engineer of the 
General Electric Company, Cleveland, Ohio, 
to the fact that an aggregate of over 9,000 
foot-candle meters has been made and sold 
in the United States. The foot-candle meter 
is an instrument used to measure values of 
illumination, especially throughout the 
ranges of artificial lighting as employed in- 
doors. 
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Letters to the Editor 


CONTRIBUTIONS to these columns are invited 
from Institute members and subscribers. They 
should be concise and may deal with technical 
papers, articles published in previous issues, or 
other subjects of some general interest and pro- 
fessional importance. ELECTRICAL ENGINEERING 
will endeavor to publish as many letters as possible, 
but of necessity reserves the right to publish them 
in whole or in part, or to reject them entirely. 


STATEMENTS in these letters are expressly un- 
derstood to be made by the writers; publication 
here in no wise constitutes endorsement or recog- 
nition by the American Institute of Electrical 
Engineers. 


A Special Slide Rule 
for Calculating Va? + b? 


To the Editor: 
For the benefit of those interested in 


“A Short Cut to Finding Va? + b?” dis- 
cussed in ‘‘Letters to the Editor’ in the 
last few issues of ELECTRICAL ENGINEERING, 
I wish to say that the shortest method for 
computing such quantities is by means of 
the log log vector slide rule. This rule is 
described in full in a paper “Vector Calcu- 
lating Devices’’ presented by the author at 
the seventh regional meeting of the A.I.E.E., 
March 7-9, 1928, and is now manufactured 
by the Keuffel & Esser Co. 

For its determination by means of this 


vector slide rule the radical Va? ++ 6? 1s 
thought of as the hypothenuse of a right 
triangle whose 2 other sides are a and b. 
Only 2 movements of the hair line are 
necessary to obtain the value of the radical 
and of its angle with either of the triangle 
sides a or ), if the radical is actually a co- 
planar vector quantity. 

The trigonometric scales on this rule are 
decimally subdivided and folded 3 times so 
that the 10-in. rule is equivalent to a rule 
30 in. long. As a consequence the calcula- 
tions are sufficiently accurate for all prac- 
tical purposes. 

This rule is also designed for the rapid 
determination of the component values a 
and b when the radical Va? + 6? is a co- 
planar vector and its angle with either a 
or with 0b is known, as is necessary in 
numerous calculations pertaining to alter- 
nating current circuits. 

It may also be of interest that this vector 
rule has in addition to the usual scales 
found on duplex rules and the trigonometric 
scales mentioned above, folded scales of 
the hyperbolic functions sinh x and tanh x. 
These scales in conjunction with the trigo- 
nometric scales are designed for the rapid 
determination of the hyperbolic sine, cosine, 
and tangent of complex functions x + 78, 
which enter into the calculations of electric 
filters, transmission lines, and numerous 
other types of circuits. 

Very truly yours, 

M. P. WErInNBACH (A’22, M’31) 
(Professor of Electrical Engi- 
neering, The University of 
Missouri, Columbia, Mo.) 
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A Short Cut 
to Finding Va? + b? 
To the Editor: 


Considerable space, in past issues of 
ELECTRICAL ENGINEERING has been de- 
voted to showing methods and short cuts 
for obtaining a solution of this form. 
F. V. Andreae, in the October issue, p. 724, 
indicates a practical method but does not 
mention its limits. 

The writer has used a method similar to 
the one outlined but which could be modi- 
fied to suit conditions. 


It is obvious that — = tana; calling 
2 oo h = andaG =. — 
Va +b c, then ¢ cae 
b : ? 
It is a simple matter, know- 
cos @ 


ing tan a, to obtain either sin a or cosa 
from a table of trigonometric functions, 
notably ‘‘The Engineers’ Manual,” by 
R. G. Hudson and associates, in which the 
sine, cosine, and tangent functions are side 
by side. Whether the sine or cosine func- 
tion should be used will depend upon the 
relation a/b. If the angle is less than 
10 deg the sine value will give best results; 
and a minimum change of setting might 
be required; for angles close to 90 deg the 
cosine values will give best results. 

Also, there is available a slide rule by 
means of which the desired calculation can 
be made directly without tables. 

Very truly yours, 
C. O. VON DANNENBERG (M_’30) 
(297 Lincoln Place, Brooklyn, 
N. Y.) 


A New Method of 


Calculating Circuits 
To the Editor: 


While it is perhaps dressed in a new cloak 
the method of calculating circuits described 
by W. B. Kouwenhoven and M. W. Pullen 
in ELECTRICAL ENGINEERING for November 
1933, p. 776-9 is not at allnew. What they 
are really doing is applying the well-known 
formula for the equivalent electromotive 
force of a group of alternators in parallel; 


Dy, 
jp es (1) 
Zs 
If one of the circuits is a load it is in- 
cluded as an alternator of zero electromotive 
force. The current from the st alternator 
is 


I, = y(E, — E) (2) 


and the current through the load (a par- 
ticular case with E, = 0) 


I, = —yLE (3) 


Calling™the y,E, group the short-circuit 
currents and putting the impedance 


. Karapetofi’s article, 


1/Zy, = Z, does not make the method 
new. 

This method of calculating has been 
taught here for many years as an exercise 
on Thevenin’s Theorem. Pollard’s shunted 
cell is a particular case. 

The authors might have sensed the true 
position of their work in network analysis 
if they had used the admittance notation 
more freely. To use impedances entirely 
in what is clearly a parallel circuit problem 
is an unfortunate restriction upon one’s 
mental processes. 


Very truly yours, 


V. G. SmitH (A’26) 
(Assistant Professor of 
Electrical Engineering, 
University of Toronto, 
Toronto, Ontario, Can.) 


Engineering Schools 
and the Changed Conditions 


To the Editor: 


Professor Karapetoff’s article ‘‘Engineer- 
ing Schools and the Changed Conditions” 
in ELECTRICAL ENGINEERING for September 
1933, p. 604-5, warrants discussion by 
other engineering teachers. I shall men- 
tion briefly what we in the Moore School 
have already done in connection with some 
of the problems considered by Professor 
Karapetoff and then comment on one im- 
portant aspect of engineering education. 

In 1925, 8 years prior to Professor 
2 of the younger 
members of the staff of the Moore School 
discussed with Dean Pender the possi- 
bility of revising the curriculum along lines 
almost identically those recently suggested 
by Professor Karapetoff. Dean Pender, 
instead of acting as ‘‘an opposing force of 
inertia and resistance,’ not only listened 
sympathetically to these suggestions, but 
expressed himself as fully in accord with 
them. Theresult was that a new curriculum 
was prepared and put into effect in the fall 
of 1925. Eight years’ experience with this 
curriculum, which has been modified only 
in minor details, justify us in endorsing 
whole heartedly the thesis propounded by 
Professor Karapetoff. 

Application and design courses have been 
eliminated and the undergraduate curricu- 
lum is now composed entirely of intensive 
and rigorous courses in fundamentals. 
It is a “rigid curriculum”’ as far as engineer- 
ing subjects go. On the other hand, 
students have great leeway in choosing 
non-engineering courses. 

We feel that a man with a thorough 
fundamental training is in a position to 
begin the study of any specialty and make 
fairly rapid progress in it. He knows little 
“current practice” in any field, but we find 
that he acquires it very rapidly after 
graduation, and information thus obtained 
is much more up to date and pertinent 
than it would be possible to teach in school. 

Another change in the Moore School, 
a change which was something of a novelty 
in 1925 although much less so now, is 
that all examinations are completely 
“open.” The student has the privilege 
of consulting any reference he desires. 
Memory work has thus been almost en- 
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tirely eliminated. The system has proved 
eminently sucessful. 

It will be seen that our attempt to 
meet the conditions outlined by Professor 
Karapetoff, in so far as they refer to curricu- 
lum, differs radically from that described 
for Harvard University by Professor Dawes 
in a “Letter to the Editor.” (See Etrc- 
TRICAL ENGINEERING for September 1933, 
p. 647.) The latter disparages a “rigid 
curriculum,” a thought with which we 
cannot agree. Time is not available to 
cover fundamentals completely, and it 
seems to be a logical contradiction to divert 
the student’s attention to other topics 
before fundamentals have been covered. 
As for the idea that a rigid curriculum 
discourages outstanding students (it ap- 
parently does not in medical schools) the 
answer seems to be simple. In the Moore 
School courses are attuned to the pace of 
good students, not that of the average. 

Turning to another problem, let us con- 
sider the length of’ the usual engineering 
course. Professor Dawes says, “It is 
realized generally that today the standard 
4-year course is too short for the effective 
training of engineers.” If this be true, then 
it is up to the engineering teachers to do 
something about it. It is doubtful that 
any one engineering school can increase its 
entrance requirements greatly without simi- 
lar action by others. Many engineering 
schools now provide a 5 or 6 year combined 
college and engineering course, but the 
number of undergraduate (using the term 
in its broad sense as is done in medical 
schools) engineering students with college 
degrees remains small. 

There seems to be a need for unity of 
action. Experience has shown that little 
is to be expected from the engineering 
societies. On the other hand, the Engineers’ 
Council for Professional Development is 
now studying problems intimately con- 
nected with the problem here discussed. 
Two ideas occur: (1) Could not a group of 
leading engineering schools throughout the 
country act in unison in an attempt to set 
the pace for others, or (2) could not all 
the engineering schools in one section of 
the country do this? 

I am reminded—it is unfortunate that 
this cannot be checked for exactness at the 
time of this writing—that in the article 
“Law” in ‘Recent Social Trends’ (the 
report of the President’s commiittee) it is 
pointed out that certain standards not 
even approximated at the time of adoption 
by any law school were met by all the 
better ones within 10 years. With evidence 
such as this, with medical schools requiring 
3 years of college work before entrance, 
with standard 5-year courses in schools of 
architecture, and with the general realiza- 
tion of the need of more time for engineering 
studies which Professor Dawes mentions, 
it seems that the engineering schools are 
waiting for some person or organization 
to lead them on. We of the Moore School 
staff would be glad to codperate with other 
engineering faculties in studying a method 
of achieving this end. 

Very truly yours, 
J. G. BRAINERD (A’32) 
(Ass’t Professor, Moore 
School of Electrical 
Engineering, University 
of Pennsylvania, Phila- 
delphia) 
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Dissimilar Voltage and Current 
Waves at a Transition Point 


To the Editor: 


Conventional traveling wave theory as- 
sumes no distortion and a current wave 
which is an exact replica of its associated 
voltage wave. Actually, however, as a 
surge travels along a transmission line the 
current and voltage waves depart from 
similarity and may arrive at the transition 
point considerably different in shape. This 
note derives the appropriate transition point 
equations for such a contingency, and 


points out an interesting consequence. 
Let 

e incident voltage wave 

i incident current wave 

e’ reflected voltage wave 

i’ reflected current wave 


total voltage at transition point 
total current at transition point 
surge impedance of the transmission line 
generalized impedance at transition point 


s 
hiean dd ted 


Zo(f) 


At the transition point the reflected current 
and voltage waves are related by the 
equation 


e! = —Zi! (1) 


At points beyond the transition point e’ 
and 7’ cease to be similar, but they are 
practically replicas during their develop- 
ment. The conditions of voltage and cur- 
rent continuity require that 


&=ete =Z2(p)-G+7’) = 
Zah)-(4 = z) (2) 


Therefore 

pee: Z, reais 

e = OE [Zo(p)t — e] (3) 
Ae) ; 

& = ZAp) +2 Zz (Zi + e) (4) 


If Zt = e eqs 3 and 4 revert to the con- 
ventional ones. One obvious fact appears 
in eq 4; steep wave front effects will be 
dominated by the steeper of e and 2, and 
sustained tail effects by the longer of e 
and. As simplest possible example take 


Z(p) = R 

e@ = E(e7at -- «~%) 

4 = (eaten) 

Then 

€& = ra [ZI(e=™ — eM) 


+ Elem = e-)] 


Thus e duplicates neither e nor z in shape 
but is a compromise between them, having 
the front of the steeper and the tail of the 
longer. 

Now suppose that the terminal impedance 
is a capacitance, so that Z(p) = 1/Cp. 


Then eq 4 gives 
e amt eat 
eo = Z| = | 
a-m an 


= aah 
eat et 


ar 3 a 
(b —a)E 
(a—a)(a—b) 


a— @ 


+ ab | 


(n — m)ZI 
(a—m)(a—n) 


—at 


ae 


If ZI = E, m =a, and n = b this becomes 


eat e ot 
& = 2ak a 
a-a a-—b “a 


(b — a)e~at 
(a — a)(a — b) 


Thus current and voltage dissimilarity in- 
troduce twice as many terms in the transi- 
tion point equations as would exist if the 
dissimilarity did not exist. Of course, in 
most practical cases the dissimilarity is not 
marked enough to cause much discrepancy, 
especially since the reflection tends to 
average out the difference. 
Very truly yours, 
L. V. BEwiey (A’27) 

(Power Transformer Dept., 

General Electric Co., 

Pittsfield, Mass.) 


The 
Engineer of Forty 


To the Editor: 


He may be 40, or he may be anywhere 
between 35 and 45. He has had a success- 
ful career of 15 to 25 years; he is at the 
peak of his professional usefulness. Never- 
theless, he is unemployed, through no 
fault of his. He is merely a victim of the 
depression; either his company has been 
liquidated, or he has been forced out due to 
extensive retrenchment. 

He has applied for literally hundreds of 
positions, and has been turned down. 
Many prospective employers have not even 
shown him the courtesy of saying “‘No!’’— 
they just left his inquiries unanswered. 

What is this poor fellow to do? 

Kind souls have advised him to try 
something new—something different from 
what he used to do before! But this 
engineer of 40 does not really altogether lack 
imagination; he has tried to find some new 
kind of occupation. However, his efforts 
along those lines have been thwarted. 

Prospective employers, these days, seem 
to be very particular in their demands. 
They have very precise specifications as to 
kind of experience, length of service, age— 
and yes, the color of the eyes, the shape of 
the nose, and the length of the ears! 

This poor chap has tried to land a job 
as factory superintendent, dish washer, 
college professor, janitor, chief engineer, 
laborer, teacher, gardener, watchman, and 
so on up and down the line. He has been 
steadily refused a niche—some say he is 
too good for the job, some say he has not 
had the experience required, some refuse to 
talk to him because he is past 38, or even 35. 
But no one asks him if he can do the job— 
apparently, there is no doubt on that score! 

It is high time that prospective employers 
wake up to this economic loss, for economic 
loss it is! 

This engineer of 40 is not a rare freak. 
There are thousands of his type. Their 
education represents a definite invest- 
ment, their years of experience have cost 
some organization dollars and cents. Is this 
investment, this national asset, to be 
thrown to the 4 winds? 

Then, there is the human aspect of the 
question. This man has stood the strain 
wonderfully well; he has kept up his 
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morale for months and even for years, but he 
cannot do this indefinitely. It is not 
humanly possible. What is more, the out- 
look is getting darker every day. Younger 
men getting jobs, with the N.R.A. and 
all, people are beginning to feel that if a man 
is unemployed, it must be his own fault. 
They are entirely too ready to overlook the 
vicious circle in which our engineer of 40 is 
laboring. 

There was a certain amount of dead wood 
that had to be cleared away from industry. 
That has been done. What needs to be 
done now, is to reabsorb the really compe- 
tent and deserving. We need less emphasis 
upon age and exact kind of experience, and 
more attention to each individual case to 
determine its merits fairly and squarely! 

Ask this engineer of 40 what he can do, 
and give him the benefit of the doubt. 
You will find that he will not take ad- 
vantage of you. If anything, he will be 
supercritical with himself, and underrate 
his own abilities, for, he is not asalesman! 


Very truly yours, 


A. F. Hampi (M’21) 
26 Roumfort Ave., 
Philadelphia, Pa.) 


Standards ; 


Mercury Arc Rectifiers 


The sectional committee on mercury arc 
rectifiers has submitted a report on ‘‘Stand- 
ards for Acceptance Tests of Metal Tank 
Mercury Arc Rectifiers.’”’ This sectional 
committee is under the sponsorship of the 
A.I.E.E. and the chairmanship of E. L. 
Moreland. Thereport was approved by the 
standards committee of the Institute on 
October 19, 1933, and later by the board of 
directors. It will now be transmitted to the 
American Standards Association for final 
approval as an American standard. On 
action to that effect the standards will be- 
come available in pamphlet form as one of 
the A.I.E.E. standards series. 


Test Code for 


Synchronous Machines 


There has been available since January 
1933 a “‘Preliminary Report on a Proposed 
Test Code for Synchronous Machines.’’ 
This report was prepared under the aus- 
pices of the A.I.E.E. committee on elec- 
trical machinery. It is the second in the 
proposed series of test codes, that on trans- 
formers having been issued in July 1931. 
The subcommittee having the code in hand 
is desirous of making at an early date a 
final report embodying suggested revisions 
and changes. Copies of the proposed code 
can be obtained from Institute headquarters 
without charge. Suggestions on changes 
or additions to the code should be sent to 
H. E. Farrer, secretary, standards com- 
mittee, A.I.E.E., 33 West 39th St., New 
York, N. Y. 
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Standardization of Vacuum 


Tubes for Industrial Purposes 


The Institute has accepted an invitation 
to appoint representatives on a proposed 
“Sectional Committee on Standardization 
of Vacuum Tubes for Industrial Purposes.” 
This committee will work under the rules of 


procedure of A.S.A. and the sponsorship of 
the Electrical Standards Committee. The 
scope of work has been set up as follows: 
“Definitions, classification, methods of 
rating and testing, dimensions and inter- 
changeability of vacuum tubes for power 
and industrial purposes.’”’ The Institute 
delegation will consist of J. H. Morecroft, 
chairman, Leo Behr, and a third member 
not yet selected. 


Ba | lene 


L. F. HicKERNELL (A’25, M’27) has been 
appointed chief engineer of the Anaconda 
Wire and Cable Company, Hastings-on- 
Hudson, N. Y. Since joining this organiza- 
tion in 1931 he had served as electrical 


L. F. HICKERNELL 


engineer. He received the degree of bache- 
lor of arts from Grinnell College in 1920, and 
that of bachelor of science in electrical engi- 
neering from Massachusetts Institute of 
Technology in 1922. While in college he 
was employed by the Iowa Light, Heat and 
Power Company, Grinnell, Iowa, in various 
capacities. Upon graduation from M.I.T. 
he joined the graduate student engineer 
course of the General Electric Company at 
Lynn, Mass. For a short period he was 
then instructor in electrical engineering at 
Iowa State College, resigning in 1923 to 
enter the engineering department of the 
Consumers Power Company, Jackson, 
Mich., as assistant investigations engineer 
in the electrical department. In this posi- 
tion he supervised electrical construction 
estimates and preliminary designs, system 
studies, special calculations, and technical 
and economical reports. He also was in 
charge of engineering committee work. In 
1924, he became assistant investigations 
engineer of the successor company, the 
Commonwealth Power Corporation of 
Michigan. In 1927 he became general 
engineer in the electrical engineering depart- 
ment of the latter organization, acting in a 
consulting capacity, and engaged in studies 
of special problems, also continuing in 
charge of engineering committee work. 
In 1929 Stevens and Wood, Inc., succeeded 
this company, and in 1930 this concern was 
in turn succeeded by Allied Engineers, Inc.; 
Mr. Hickernell continued as general engi- 


neer with these organizations, until the dis- 
bandment of the latter organization in 1931. 
Becoming electrical engineer of the Ana- 
conda Wire and Cable Company at that 
time he was placed in charge of its cable 
engineering department and the Hastings- 
on-Hudson laboratory. As chief engineer 
he will be in charge of the engineering de- 
partment and all laboratories. He has 
served the Detroit-Ann Arbor Section of 
the A.J.E.E. in various capacities, having 
been chairman 1929-30; he also has served 
the Institute as member, executive commit- 
tee of the Great Lakes District 1928-30; 
member, electrical machinery committee 
1929-33; member, protective devices com- 
mittee 1929-32, and vice-chairman during 
the last 2 of these years; and member of 
the power transmission and distribution 
committee since 1930. He has also served 
on many committees of the former National 
Electric Light Association, the American 
Society for Testing Materials, National 
Research Council, and the Insulated Power 
Cable Engineers Association. He has con- 
tributed numerous reports and papers be- 
fore these organizations. 


A 
P. H. PATTON 


P. H. Patron (A’18, M’25) telephone 
engineer, Northwestern Bell Telephone 
Company, Omaha, Neb., retired from active 
service November 1, 1933. Mr. Patton had 
completed 40 years of service with the Bell 
telephone system. In 1891 he engaged in 
telephone work in Denver, Colo., as in- 
staller and test man, and for the next 10 
years devoted time to maintenance and in- 
stallation of multiple switchboards, lighting 
and power systems of central offices, toll 
switching, party line ringing, and simplex 
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telegraph and phantom equipment. In 1903 
he was superintendent of fire and police 
telegraph systems, and served as chief in- 
spector for enforcement of the National 
Electric Code, as well as supervising street 
lighting in the city of Omaha. In 1904 he 
became general superintendent of the U. S. 
Telephone and Telegraph Company, Water- 
loo, Iowa; and in 1905 he became general 
equipment foreman for the Nebraska Tele- 
phone Company, later becoming ap- 
praisal engineer for this organization. Dur- 
ing this period he also was a member 
of the Nebraska State Railway Com- 
mission’s committee for the development 
of telephone plant cost units. In 1909 
he became division engineer in responsible 
charge of engineering plans, specifications, 
and estimates for all types of telephone 
plants. Subsequently he became engineer 
for the Northwestern Bell Telephone Com- 
pany at Omaha, from which position he 
recently retired. Mr. Patton has served 
as member and treasurer of the Omaha and 
Council Bluffs Electrolysis Survey Com- 
mittee, director and vice-president of the 
Omaha Technical Club, member and secre- 
tary of the Nebraska joint committee on 
physical relations between electric supply 
and signal lines, and organizing member of 
the Engineers’ Club of Omaha. For the 
latter organization he has been director, 
treasurer, and president. He has served 
the Institute as vice-president of the North 
Central District 1931-33, and as a member 
of the communication committee 1932-33. 
Mr. Patton is a member of the Telephone 
Pioneers of America. 


K. B. McEacuron (A’14, M’20) lightning 
research engineer of the Pittsfield, Mass., 
works of the General Electric Company, 
has been promoted to engineer in charge 
of high voltage practice throughout the 
works. He will direct the activities of the 
high voltage engineering laboratory form- 
erly in charge of the late F. W. PEEK, JR., 
(A’07, M’18, F’25, and director 1929-33). 
Mr. McEachron will correlate all lightning 
research work being carried on by various 
designing engineers in connection with ap- 
paratus development. He received the 
degrees of electrical engineer and mechani- 
cal engineer from Ohio Northern University 
in 19138, and the degree of M.S. in E.E. from 
Purdue University in 1920. In 1913 he 
entered the test department of the General 
Electric Company. Between 1914 and 1918 
he was instructor in electrical engineering 
at Ohio Northern University, and between 
1918 and 1922 was instructor in electrical 
engineering, research associate, engineering 
experiment station, Purdue University. In 
1922 he was placed in charge of the research 
and development section of the lightning 
arrester department of the General Elec- 
tric Company where his work has since been 
concerned with the study of natural and 
artificial lightning. He is the holder of a 
Coffin award for his development with 3 
other engineers of the insulating material 
known as thyrite. He has conducted many 
pioneering studies with the cathode ray 
oscillograph, especially as applied to studies 
on actual transmission lines. He is the 
author of several papers presented before 
the Institute. His articles also have ap- 
peared frequently in the General Electric 
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Review and foreign technical publications. 
Mr. McEachron has served the Institute as 
a member of its electrophysics committee 
1926-32, and a member of the protective 
devices committee 1926-28. 
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W. P. Scawase (A’96, M’24, and mem- 
ber for life) manager of The Northern Con- 
necticut Power Company, Thompsonville, 
Conn., a subsidiary of Connecticut Electric 
Service Co., and who completed 25 years of 
service with the Company on Sept. Ist, 1933, 
has been notified by the Federal Home Loan 
Bank Board of Washington of his election 
as a director in the Federal Home Loan Bank 
of Boston for a term of 3 years beginning 
Jan. 1,1934. He has taken an active inter- 
est in building and loan matters for a good 
many years. He is also president of The 
Thompsonville Building and Loan Associa- 
tion, president of Connecticut Building and 
Loan League, national Executive commit- 
teeman in the United States Building 
and Loan League. He is also now a 
director in the Federal Home Loan Bank, 
District No. 1, serving as one of the origi- 
nal appointees. 


Frep S. Huntine (A’92, M’93, F’13, and 
member-for-life) has returned from his re- 
tirement from business in California to ac- 
cept the presidency of the Fort Wayne 
(Ind.) National Bank. Upon graduation 
from Worcester Polytechnic Institute in 
1888, he entered the employ of the Fort 
Wayne Electric Company, and lived in 
Fort Wayne from that time until 1922. In 
1911 he became general manager of the 
Fort Wayne works of the General Electric 
Company. In 1922, he became president of 
the Robbins and Myer Company at Spring- 
field, Ohio; retiring from active business in 
1927. 


O. H. CaLpweE.t (A’13, M’22) editor of 
Electronics, and president of the New York 
Electrical Society, received the honorary 
degree of doctor of engineering from Purdue 
University November 4, 1933. Mr. Cald- 
well served as a member of the original 
Federal Radio Commission. He also is 
a director of the Institute of Radio Engi- 
neers, member of the communications and 
radio committees of the American Engineer- 
ing Council, and trustee of the New York 
Museum of Science and Industry. Heisa 
past-chairman of the Institute’s New York 
Section. 


H. G. Howarp (A’08, M’25) formerly 
chief engineer of hydroelectric development, 
government of Madras (India) public works 
department is now chief engineer of the elec- 
tricity department at Madras. Mr. Howard 
has just completed the Pykara hydroelec- 
tric undertaking. Formerly he was chief 
engineer of Cia Chilena de Electricidad, 
Santiago, Chile, and chief engineer of the 
Mexico Light and Power Company and 
Mexican Tramways Company. 


H. L. Ruscu (A’24) who joined the or- 
ganization of the Northern Pump Company, 
Minneapolis, Minn., a year and a half ago, 
has been elected vice-president of the com- 
pany and appointed eastern sales manager. 
He formerly was supervisor of the technical 
data section and of the performance report 
section of the Johns-Manville Corporation, 
and prior to that time was eastern district 
manager for Arthur C. Nielsen, Inc. His 
headquarters will be in New York, N. Y. 


R. N. ConweE t (A’15, F’31) transmission 
and substation engineer, Public Service Elec- 
tric and Gas Company, Newark, N. J., has 
been appointed a representative of the 
Institute’s committee on power transmission 
and distribution, on the American commit- 
tee on marking of obstructions to air navi- 
gation. The other representative of the 
Institute on this committee is W. H. Har- 
RISON (A’20, F’31) who previously had been 
reappointed to serve. 


H. R. Wooprow (A’12, F’23) vice-presi- 
dent in charge of electrical operations for 
the Brooklyn (N.Y.) Edison Company, has 
been appointed to serve as a representative 
of the Institute on the board of trustees of 
United Engineering Trustees, Inc., for the 
3-year term beginning January 1934. Mr. 
Woodrow succeeds H. A. Kipper (A’06, 
F’29). 


N. E. Cannapy (A’18, M’25) state elec- 
trical engineer, State of North Carolina in- 
surance department, Raleigh, has been 
elected a member of the executive council 
of the International Association of Electrical 
Inspectors. Mr. Cannady also is chairman 
of the national electrical code standards 
committee of this organization. 


H. N. Pye (A’15, M’27) chief engineer, 
Southeastern Underwriters Association, At- 
lanta, Ga., has been elected a member of 
the executive council of the International 
Association of Electrical Inspectors. Mr. 
Pye also is a member of the national elec- 
trical code standards committee of this 
orgéenization. 


H. L. Wits (A’20) consulting engineer, 
Atlanta, Ga., and coérdination engineer for 
the Georgia Power Company, has been 
elected a member of the Executive commit- 
tee of the Southern Section, International 
Association of Electrical Inspectors. 


M. W. BapENn (M’80) vice-president and 
director of research for The Trees Oil Com- 
pany, Winfield, Kan., has resigned, and will 
open an office in Winfield to conduct a 
laboratory for research problems pertaining 
to the oil industry. 
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H. S. BroapBent (A’22) formerly com- 
mercial engineer for the Westinghouse Lamp 
Company, Bloomfield, N. J., has been ap- 
pointed manager of the commercial engi- 
neering department of the company. 


E. W. Jupy (A’26) vice-president and 
manager of the Duquesne Light Company, 
Pittsburgh, Pa., has been elected a vice- 
president of the Pennsylvania Electric 
Association. 


A. J. AttHouse (A’1l, M’29) general 
manager, Metropolitan Edison Company, 
Reading, Pa., has been elected a vice-presi- 
dent of the Pennsylvania Electric Associa- 
tion. 


C. W. Taccart (A’26) general manager of 
the gas and electrical department of the 
city of Norwich, Conn., has relinquished 
these duties after 13 years of service. 


Obituary 


HerBeERT Hopkins Dewey (A’11) vice- 
president of the International General 
Electric Company, Inc., died at his home in 
Schenectady, N. Y., October 25, 1933, after 
a short illness. He was born in Lawrence- 
ville, N. Y., in 1881. In 1899 he graduated 
from Potsdam State Normal School, and in 
1904 from the St. Lawrence University. 
In 1907 he joined the testing department of 
the General Electric Company, and 2 years 
later was assigned to the power and trans- 
mission section of the power and mining 
department. He had charge of this section 
from 1916 to 1921. He was then made as- 
sistant engineer of the central station de- 
partment when in 1921 the power and min- 
ing and the lighting departments were con- 
solidated. In 1927 and again in 1928 he 
went to the U.S.S.R. for the company, and 
in 1928 he was appointed vice-president of 
the International General Electric Company 
with supervision of all interests of the com- 
pany in connection with the U.S.S.R. busi- 
ness. Mr. Dewey had traveled extensively 
for the company, having visited Chile in 
1919 in connection with engineering proj- 
ects of the Chile Exploration Company of 
Antofogasta, and the Braden Copper Com- 
pany of Santiago, and the city of Santiago, 
in connection with the study of hydraulic 
power in this vicinity. In 1921 he spent 8 
months in Australia assisting in negotiations 
for electric equipment for the development 
and transmission of power from the brown 
coal fields of Victoria for the supply of Mel- 
bourne. 


CHARLES Scott THompson (M’26) con- 
sulting engineer, Oklahoma City, Okla., 
died in Oshkosh, Wis., August 2, 1933. He 
was born in Oshkosh in 1880. He spent 2 
years in the general science course of the 
University of Wisconsin. Between 1901 
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and 1903 he was engineer at Oshkosh as a 
representative of the General Electric Com- 
pany, and between 1903 and 1905 was en- 
gaged in erection work for the Chicago, 
Ill., office of the Stanley Electric Company. 
Between 1905 and 1912 he was in charge of 
all construction of the Central Construction 
Company, contractors and engineers at 
Oshkosh. While in this position he built 
several properties in the Middle West. In 
1913 he joined the Central Illinois Public 
Service Company as engineer in charge of 
construction of power plants, substations, 
and other plants, under the general super- 
vision of Sargent and Lundy. Between 
1914 and 1919 he was chief engineer for 
William and S. Mainland, at Oshkosh. In 
1919 he undertook construction, operation, 
and general engineering and executive 
duties for the properties of the Shawnee Gas 
and Electric Company, the Ada Electric 
Company, the Holdenville Electric and Gas 
Company, and about 10 smaller plants. He 
also designed and constructed other proper- 
ties, all owned now by the Oklahoma Gas 
and Electric Company. Since 1919 he has 
practiced consulting engineering and has 
given most of his time to valuation and rate 
making. Since 1924 he has lived in Okla- 
homa City. 


CHARLEY GouLD BEckwirTH (A’08) elec- 
trical engineer and general superintendent, 
municipal electric light department, city 
of Cleveland, Ohio, died September 28, 1933. 
He was born in Dowagiac, Mich., in 1870. 
He studied electrical engineering at the 
University of Michigan, Ann Arbor, and 
upon leaving the university in 1892 entered 
upon a career of building and operating elec- 
tric light plants. He built and operated a 
small municipal plant in Cassopolis, Mich., 
and later in Jonesville, Mich. From there 
he went to Montpelier, Ohio, where he 
operated a plant for 6 years. In 1900 
Collinwood, Ohio, decided to build a munici- 
pal light plant, and Mr. Beckwith con- 
structed this plant and operated it for 7 
years. Collinwood was annexed to Cleve- 
land in 1910, and Mr. Beckwith became an 
employee of the city as superintendent of 
the municipal plant. He was made general 
superintendent 2 years later and held that 
position until his death. Early in his 
career, Mr. Beckwith became interested in 
street lighting and it is reported that as a 
result of his researches Cleveland was the 
first city in the country to use the tungsten 
lamp for street lighting. He also was an 
expert in rate structures. 


Horace WOELFKIN STEINHOFF (A’22) 
died July 28, 1933. He was born in New 
York, N. Y., in 1901. He studied electrical 
engineering at the University of Pennsyl- 
vania. His first employment where he was 
brought in contact with electrical work 
was at the plant of the Lake Torpedo Boat 
Company, Bridgeport, Conn., where he 
spent 2 years during the war. He began as 
a helper, and was switchboard operator in 
the power house when he left to attend the 
University of Pennsylvania. Upon leaving 
the university he took a position with the 
Western Electric Company as relay in- 
spector. Subsequently he was for several 


years consulting engineer for the Stanley- 
Warner Theater Company, and was chief 
engineer for Fox Theaters, Inc. Recently 
he had been in the construction business for 
himself, 
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Recommended 
for Transfer 


The board of examiners, at its meeting held 
November 15, 1933, recommended the following 
members for transfer to the grade of membership 
indicated. Any objection to these transfers 
should be filed at once with the national secretary. 


To Grade of Fellow 


Hamann, Adolf M., chief engr., E. I. du Pont 
de Nemours & Co., Niagara Falls, N. Y. 

Kouwenhoven, Wm. B., prof. of E.E. & asst. 
dean, Sch. of Engg., Johns Hopkins Univ., 
Baltimore, Md. 


To Grade of Member 


Angus, D. J., chief engr. and treas., Esterline 
Angus Co., Indianapolis, Ind. 
Carpenter, R. B., branch mgr., Southern Pub. 
Util. Co., Thomasville, N. C. 
Conney, Wm. H., designing engr., Gen. Elec. 
Co., Pittsfield, Mass. 

Cora, Charles A., gen. commercial engr., Indiana 
Bell Tel. Co., Indianapolis. 

De Lanty, B. F., gen. mgr., Municipal Lt. & 
Pwr. Dept., Pasadena, Calif. 

Dundatscheck, Louis, div. equip. engr., N. Y. 
Tel. Co., New York. 

Gilkeson, C. L., asst. engr., Edison Elec. Inst., 
New York. 

Jarvis, K. W., dir. of engg., Zenith Radio Corp., 
Chicago, Ill. 

Mackeown, S. S., asso. prof. of E.E., Calif. Inst. 
of Tech., Pasadena. 

Montrose, F. A., vice-pres., and gen. mgr., Indiana 
Bell Tel. Co., Indianapolis. 

Reynolds, H. L., sales engr., Allis-Chalmers Mfg. 
Co., Dallas, Texas. 

Rossi, Ralph T., engr. in charge of constr., R. C. A. 
Communications, Inc., New York. 

Schmid, C. F., engr., cable engg. dept., Anaconda 
Wire & Cable Co., Hastings-on-Hudson, N. Y. 

Snow, Wm. B., member of tech. staff, Bell Tel. 
Labs., Inc., New York. 

Wayne, J. Lloyd, 3d, gen. toll supervisor, Indiana 
Bell Tel. Co., Indianapolis. 


Applications 
for Election 


Applications have been received at headquarters 
from the following candidates for election to 
membership in the Institute. If the applicant has 
applied for direct admission to. a grade higher 
than Associate, the grade follows immediately after 
the name. Any member objecting to the election 
of any of these candidates should so inform the 
national secretary before December 31, 1933, or 
February 28, 1934, if the applicant resides outside 
of the United States or Canada. 


Angst, G., Gen. Elec. Co., Lynn, Mass. 

Atwater, DeN. W., Westinghouse Lamp Co., 
Bloomfield, N. J. 

Bernarde, H. L., Westinghouse Elec. & Mfg. Co., 
Newark, N. J. 

Boadway, C. W., Hydro Elec. Pwr. Comm. of 
Ont., Toronto, Ont., Can. 

Brown, M. W., Pub. Ser. Co. of Indiana, Edinburg. 

Brown, N. H., Hydro Elec. Pwr. Comm., Toronto, 
Ont., Can. 

Burrin, T. J., Pub. Ser. Commission of Indiana, 
Indianapolis. 

Carroll, J. F., Indiana Bell Tel. Co., Indianapolis. 

Cobb, L. M., Seward-Hamilton Garage, Inc., 
Detroit, Mich. 

Davis, J. R., Stanton Operating Co., West Pittston, 


Pa. 
Ellerbe, E. B., Westinghouse Elec. & Mfg. Co., 
Wilkes-Barre, Pa. 
Fowler, N. B., Am. Tel. & Tel. Co., Atlanta, Ga. 
Fritz, E., Pa. Water & Pwr. Co., Baltimore, Md. 
Gregory, E. J., Wis. Steel Co., Benham, Ky. 
Greeery T. G., 516 Sutter St., San Francisco, 
alif. 
Guerrieri, J., 20 Christopher St., N. Y. City. 
Herrity, J. J., Bradley Co., Phila., Pa. 
Baye H. S., Jr., Rockefeller Center Inc., N. Y. 
ity. 


ELECTRICAL ENGINEERING 


"e 


Keddy, F. B., United Elec. Lt. & Pwr. 

_ York, N.Y. ues 
Kimberly, E. E., Ohio State Univ., Columbus. 
King, H. F., Mass. Inst. of Tech., Cambridge, 
Lynch, E. M. (Member), Florida Pwr, Corp., 

St. Petersburg. 
Markarian, P. B., Scranton Elec. Co., Scranton, 


ae 
McDougall, S., Am. Tel. & Tel. Co., Denver, 
__ Colorado. 

Miller, S. C., Chesapeake & Potomac Telephone 
Co. of Baltimore City, Baltimore. 

Mucci, J. R., 145 Oakland St., Malden, Mass. 

Newmeyer, W. L., Jr. (Member), U.S. Reclama- 
tion Bureau, Denver, Colo. 

Pearce, W. B., Shell Eastern Petroleum Products, 
Inc., Revere, Mass. 

mrcuataay A. F., Stanton Operating Co., Pittston, 

a. 
Schoch, C. L., N. J. Bell Tel. Co., Newark, N. VY. 
Shimer, W. B., Schwitzer-Cummins, Indianapolis, 


Ind. 

Stoddard, R. N. (Member), Westinghouse Elec. & 
Mfg. Co., East Pittsburgh, Pa. 

Stroppel, R. E., The Tool Steel Gear & Pinion Co., 
Cincinnati, Ohio. 

Suher, Abe, 11 Taft St., Springfield, Mass. 

Whitman, W. C., Narragansett Elee. Co., Provi- 
dence, R. I. 

Woods, F. L., Gen. Elec. Co., Pittsfield, Mass. 


36 Domestic 


Foreign 


Affleck, W. E. (Member), Works, 
Guildford, Surrey, Eng. 

Hoe, T. G., c/o Messrs, Seng Lee & Co., Penang, 
Straits Settlements. 

Khosla, R. N. (Member), Gaya Engg. & Elec. 
Pwr. Sup. Co. Ltd., Gaya, India. 


3 Foreign 


Corp. Elec. 


Addresses 
Wanted 


A list of members whose mail has been returned 
by the postal authorities is given below, with the 
address as it now appears on the Institute record. 
Any member knowing of corrections to these ad- 
dresses will kindly communicate them at once to 
the office of the secretary at 33 West 39th St., 
New York, N. Y. 


Blackhall, Harold J., Postlagernd, Essen, Germany. 
Boicourt, Frank R., Rockwell City, Iowa. 
Bugnion, Frank E., 14 Clinton St., Cambridge, 


Mass. 
ets F. L., 6061 Trafalgar St., Vancouver, B. C., 


an. 
Endicott, E. M., 2020 Monroe St., Toledo, Ohio. 
Ghamat, S. B., School of Engg. of Mil., Milwaukee, 


Wis. 

Hamby, H. M., 708 F St., N.E., Washington, D. C. 

Hirsch, Chas. J., Level Club Hotel, 253 W. 73rd 
Sty Ne VaiCity: 

How, John H., 42 Wai Oi Road East, Canton, 
China. 

Kahale, N. A., Box 434, W. Lafayette, Ind. 

Lober, Charles, K. C. P. & L. Co., 1330 Baltimore 
Ave., Kansas City, Mo. 

McDonnell, John D., Box 691, Burlington, N. C. 

Strommer, 7229 Penn Ave., Pittsburgh, Pa. 

Rag H. L., 55 Pine Ave. E., Montreal, Que., 

an. 

Weber, George A., 537 Addison Ave., Palo Alto, 

Calif. 


Beneyineerisey 
Dererature 


New Books 
in the Societies Library 


Among the new books received at the 
Engineering Societies Library, New York, 
during October are the following which have 
been selected because of their possible 
interest to the electrical engineer. Unless 
otherwise specified, books listed have been 
presented gratis by the publishers. The 
Institute assumes no responsibility for 
statements made in the following outlines, 
information for which is taken from the 
preface or text of the book in question. 
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DESIGNING for ARC WELDING, Second 
Lincoln Are Welding Prize Competition Papers. 
Edit. by A. F. Davis. Cleveland, Ohio, Lincoln 
Elec. Co., 1938. 424 p., illus., 9x6 in., cloth, 
$2.50. Contains 19 of the papers submitted in the 
second Lincoln are welding prize competition. 
All deal with the use of arc welding in the design 
of machines or structures, and illustrate novel 
applications of the process. The papers included 
show applications to machinery, ships, buildings, 
bridges, large containers, pipes and pipe fittings. 


ELECTRICAL PROPERTIES of GLASS. 
By J. T. Littleton and G. W. Morey. N. Y., John 
Wiley & Sons, 1933. 184 p., illus., 9x6 in., cloth, 
$3.00. The third monograph issued under the 
auspices of the committee on electrical insulation 
of the National Research Council affords a con- 
venient summary of our knowledge of the electrical 
properties of glasses. The existing data upon the 
physical and chemical properties of glasses and 
upon their electrical conductivities aud dielectric 
properties are presented and reviewed critically. 
The work is primarily a reference book for lab- 
oratory workers, but some attention is given to the 
use of glass as an engineering material. 


HANDBOOK of the COLLECTIONS ILLUS- 
TRATING ELECTRICAL ENGINEERING. I. 
ELECTRIC POWER, Pt. 1.—History and De- 
velopment. By W. T. O’Dea. Lond., So. Ken- 
sington Science Museum, 1933. 78 p., illus., 
10x6 in., paper, 2s Od. The history of the genera- 
tion, transmission, and industriai uses of electric 
power is outlined concisely in this handbook, which 
is intended primarily as a guide to the exhibits in 
the Science Museum, South Kensington, London. 


LIQUID DIELECTRICS. By A. Gemant, 
translated from the German by V. Karapetoff. 
N. Y., John Wiley & Sons, 1933. 185 p., illus., 
9x6 in., cloth, $3.00. A correlative survey of the 
general physics of liquids as related especially to 
their behavior as dielectrics. The essential me- 
chanical and thermal properties, the pkysico- 
chemical behavior, the electrical and optical 
properties, and the behavior in intense fields of 
liquid dielectrics are described, and their more 
important applications te electrical engineering 
considered. Issued under the auspices of the 
committee on electrical insulation of the National 
Research Council. 


POWER SALES. By D. Taylor. N. Y. & 
Lond., McGraw-Hill Book Co., 1933, 206 p., 
tables, 8x5 in., cloth, $2.00. This book, an out- 
growth of articles in the Electrical World, dis- 
cusses problems met in extending central-station 
power service, and gives many suggestions for 
solving them. The author is sales supervisor of the 
Utility Management Corporation. 


PRINCIPLES and PRACTICE of ELECTRI- 
CAL ENGINEERING. By A. Gray, rev. by G. 
A. Wallace. 4 ed. N. VY. & Lond., McGraw-Hill 
Book Co., 1933. 538 p., illus., 9x6 in., $4.00. 
Intended primarily for engineering students who 
were not specializing in electrical engineering. The 
present edition has been completely rewritten. 
Emphasis is directed toward the fundamental 
theory and the subject is developed by elaborating 
the basic principles rather than by solving mathe- 
matical equations. 


RAYLEIGH’S PRINCIPLE and Its Applica- 
tions to Engineering. By G. Temple and W. G. 
Bickley. Lond. & N. Y., Oxford Univ. Press, 1933. 
156 p,, illus., 9x6 in., cloth, $4.50. Intended to 
familiarize engineers with the utility of Rayleigh’s 
energy method for the rapid, direct calculation 
of the approximate values of critical loads and 
speeds. The method is developed in such a way 
as to furnish both upper and lower estimates of 
the true value required, so that it enables critical 
loads and frequencies to be determined with close, 
known degrees of approximation. 


(1933) A.S.T.M. MANUAL on PRESENTATION 
of DATA with Table of Squares and Square Roots, 
sponsored by Committee E-1 on Methods of Test- 
ing. Phila., Am. Soc. for Testing Materials, 1933. 
45 p., illus., 9x6 in., paper, $.50. Discusses applica- 
tion of statistical methods to the problems of con- 
densing a set of observations and presenting the 
essential information in a concise, readily inter- 
pretable form. The report is the work of a com- 
mittee of engineers who are expert statisticians. 


A.S.T.M. STANDARDS on ELECTRICAL 
INSULATING MATERIALS, prepared by Com- 
mittee D-9 on Electrical Insulating Materials, 
Sept., 1933. Phila., Am. Soc. for Testing Materials. 
242 p., illus., 9x6 in., paper, $1.25. All the speci- 
fications and test methods of the Society which 
relate to insulating materials are brought together 
in this volume. The report of the committee on 
the subject is also included, with its recommenda- 
tions for changes. 


ANHALTSZAHLEN fiir den ENERGIEVER- 
BRAUCH in EISENHUTTENWERKEN. 
(Warmestelle Diisseldorf). Edit. by Verein deut- 
scher Eisenhiittenleute. 3 ed. Diisseldorf, Ver- 
lag Stahleisen, 1931. 119 p., illus., 12x8 in., cloth, 
16 rm. A compilation of data relating to heat and 
power consumption in iron and steel works. The 
data cover fuels, coke-oven operation, blast 
furnaces, open-hearth, bessemer and electric steel 
works, melting-furnaces, gas producers, mill fur- 
naces, rolling-mills, engines, etc. 


Engineering Societies Library 
29 West 39th Street, New York, N.Y. 


AIINTAINED as a public reference library 

of engineering and the allied sciences, this 
library is a cooperative activity of the national 
societies of civil, electrical, mechanical , and min- 
ing engineers. 


Resources of the library are available also 
to those unable to visit it in person. Lists of 
references, copies or translation of articles, 
and similar assistance may be obtained upon 
written application, subject only to charges suffi- 
cient to cover the cost of the work required. 


A collection of modern technical books is 
available to any member residing in North Amer- 
ica at a rental rate of five cents per day per 
volume, plus transportation charges. 


Many other services are obtainable and an 
inquiry to the director of the library will bring 
information concerning them. 


INTERNATIONAL D’ELEC- 
13 Vols. Comptes Ren- 
dus. Paris, Gauthier-Villars, 1933. Illus., 10x6 
in., cloth (1,000 frs. entire set). V.1, 35 frs.; v. 2, 
135 frs.; v. 3, 110 frs.; v. 4 & 5, 180 frs.; v. 6, 105 
fts.3 ve «, 00 ifs.s Vi. 9, OOlits.;) Va 9, OOmMnS mvs 
10, 80 frs.; v.11, 65frs.; v.12, 85frs.; v.13, 70 frs. 
The Proceedings of the Paris, 1932, Internationai 
Electrical Congress are now available in 13 large 
volumes, substantially bound. V. 1, general in- 
formation, gives a list of the delegates and the 
proceedings of the sections, etc. V. 2 contains the 
papers on general theory; 3, measurements; 4 
and 5, production and transformation of electric 
energy; 6, transmission and distribution; 7, 
electric traction; 8, lighting and radiology; 9, 
electrochemistry and electrometallurgy; 10, com- 
munication by wire; 11, high frequency phenom- 
ena; 12, atmospheric electricity, terrestrial mag- 
netism, history of electrical engineering, teaching; 
13, miscellaneous applications. The volumes may 
be purchased separately at reasonable prices. 


CONGRES 
TRICITE, Paris, 1932. 


ELECTRICAL CONCEPTIONS of TODAY. 
By C. R. Gibson. Lond., Seeley, Service & Co., 
Ltd., 1933. 284 p., illus., 8x5 in., cloth, 6s. The 
experiments which form the basis for recent ideas 
about atoms, electrons and other matters relating 
to electricity are described and their significance 
explained for laymen. An inexpensive reprint of 
“Modern Conceptions of Electricity,’’ published 
in 1928. 


ELEMENTS of HEAT-POWER ENGINEER- 
ING, Pts. 2 and 3. By W. N. Barnard, F. 0: 
Ellenwood and C. F. Hirshfeld. 3 ed. N. Y., 
John Wiley & Sons, 1933. 1200 p., illus., 9x6 in., 
cloth, Pt. 2, $5.50; Pt. 3, $4.50. These volumes 
complete this work which, in addition to its value 
as a textbook, is well suited for reference use. V. 
2 discusses steam-generating apparatus and prime 
movers, fuels, combustion, and heat transmission; 
v. 3, auxiliary equipment, the power-plant en- 
semble, air conditioning and refrigeration. 


EXPERIMENTAL ELECTRICAL EN- 
GINEERING and MANUAL for ELECTRICAL 
TESTING, v. 1. By V. Karapetoff, rev. by 
B.C. Dennison, 4ed. N. Y., John Wiley & Sons, 
1933. 781 p., illus., 9x6 in., cloth, $6.00. A 
laboratory manual for students and engineers. 
Presents material actually taught in this country. 
The present volume contains the tests of a general 
character usually called for, more advanced tests 
being contained in the second. This edition has 
been thoroughly revised. 


GRUNDLAGEN des | ELEKTRISCHEN 
SCHMELZOFENS, Elektrische Gesetzmiassig- 
keiten, Bauliche Gliederung, Energiehaushalt. 


(Monographien iiber angewandte Elektrochemie, 
v. 52). By J. Wotschke. Halle (Saale), Wil- 
helm Knapp, 1933. 505 p., illus., 9x7 in., paper, 
42rm.; bound, 44rm. The electrical laws govern- 
ing electricai metallurgical furnaces, the structural 
types in use and the economics of electric smelting 
are discussed in the light of actual installations for 
various purposes. The book aims to present the 
common principles which govern the slection of 
equipment for any given use. 


RADIO CONSTRUCTION and REPAIRING, 
including the Television Receiver. By J. A. 
Moyer and J. F. Wostrel. 4 ed. 444 p., illus., 
8x5 in., cloth, $2.50. For the amateur builder and 
the repair man. Directions are given for building 
several types of receivers, including one for tele- 
vision, together with detail instructions for diagnos- 
ing and remedying defects in reception. Recent 
developments in vacuum tubes and design have 
made this revision desirable. 
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Ladustcial Notes 


——————— 


C. R. Myer Elected General Cable V-P.— 
According to a recent announcement, C. R. 
Myer was elected vice-president of the Gen- 
eral Cable Corporation at the last meeting 
of its board of directors. 


“Three-Light”? Lamps.—To meet a need for 
greater flexibility of illumination from light- 
ing installations, the Westinghouse Lamp 
Co. is introducing a twin-filament lamp in 
two sizes. They are to be known as the 
“Three-Light’’ lamps and will produce three 
different wattages. The Mazda 150-200 
watt lamp in a PS-35 bulb will consume 150, 
200, or 350 watts, and the 200-3800 watt 
lamp in a PS-40 bulb will consume 200, 300, 
or 500 watts. Both lamps are designed with 
inside-frost bulb and will operate on either 
110, 115, or 120 volt circuits. 


Oil-Blast Breakers.—A new line of outdoor 
oil-blast circuit breakers, designated as type 
FKO-127 and recommended for station 
and rural distribution service, has been de- 
veloped by the General Electric Co. The 
new breakers are of the rectangular-tank 
type and may be operated manually or elec- 
trically. The.equipment is suitable for 
either pole or framework mounting. De- 
spite their compactness, the breakers have 
liberal margins of safety, all ratings having 
been verified by complete tests. They are 
rated: 400 and 600 amperes at 7500 volts 
with an interrupting rating of 50,000 kva. 


Outdoor Automatic Step-Voltage Regula- 
tor.—A new automatic step-voltage regu- 
lator, particularly applicable for maintain- 
ing constant voltage on suburban and rural 
circuits of 4,800 volts or more, and for regu- 
lating low-voltage high current city distri- 
bution feeders where the service will per- 
mit, is announced by the Westinghouse 
Electric and Mfg. Co. The new type UR 
regulator is available in either single or 
polyphase design for 10% regulation with 17 
points of 11/,% steps or 33 points of 5/s% 
steps. It consists of a regulating auto- 
transformer and a load tap changer built 
into an integral unit arranged for outdoor 
operation. Regulation of the circuit is 
accomplished by changing taps under load 
on the regulating auto-transformer. 


New Open Fuse Cutout.—A new open fuse 
cutout announced by the General Electric 
Co. incorporates a drop-out feature which 
gives the lineman positive indication that 
the fuse has been blown and the circuit 
opened at that point. A new fuse link 
can be quickly and easily installed. The 
fuse holder can be removed or installed 
with a standard switch hook. The weather- 
resistant fuse-holder tube can be renewed 
without replacing the metal parts and an 
automatic latch prevents the fuse holder 
from falling out of the support during the 
expulsion recoil. The new cutout is avail- 
able in two voltage ratings, 7,500-12,500Y 
and 15,000 volts. Both can be fused from 
one to 60 amperes, and have 1,200 ampere 
interrupting capacity. 


Conversion Parts for Radio Transmitters.— 
In line with its policy of making latest im- 
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provements available to owners of its ap- 
paratus, the Western Electric Co. has pro- 
duced a set of conversion parts for its 6 
type (1 kilowatt) radio broadcast trans- 
mitters. This equipment, in addition to 
eliminating motor generators, will increase 
the modulation capability of transmitters 
of this type to 100 per cent by increasing the 
plate voltage applied to the last radio fre- 
quency power amplifier from 4,000 volts 
to 5,000 volts. The essential unit in the 
set is a 5,000 volt mercury vapor rectifier 
which replaces the existing 2,000-4,000 
volt motor generator. The 5,000 volt sup- 
ply permits operation of the final power 
amplifier tube of the transmitter at that 
part of its characteristic which allows full 
use of its capacity to pass all the power re- 
quired for 100 per cent modulation, with an 
attending audio harmonic content well 
within the requirements of the Federal 
Radio Commission. Eliminating the gener- 
ator also increases dependability and ease 
of maintenance. The conversion requires 
only minor changes in the transmitter. 
Operation remains virtually unchanged. 


Teale Lwecatare 


Motors.—Bulletin, 12 pp. Describes a 
comprehensive line of motors, generators, 
motor generator sets, and speed changers. 
Crocker-Wheeler Electric Mfg. Co., Am- 
pere, N. J. 


Machine Tool Motors.—Bulletin 174, 4 
pp. Illustrates applications of totally- 
enclosed, fan-cooled motors to milling, 
drilling, grinding and other machine tools, 
from the smallest to the largest sizes. Wag- 
ner Electric Corp., 6400 Plymouth Ave., 
St. Louis, Mo. 


Zinc.—Bulletin, 24 pp. on “Planning, Mak- 
ing, Selling—Design for Profit.” Illus- 
trates the application of zinc and alloys in 
the products af many industries. The New 
Jersey Zinc Co., 160 Front St., New York. 


Screws and Bolts.—Catalog, 104 pp. In- 
cludes detailed and general information 
on screws, bolts, nuts, and allied products. 
Gives reference tables on standard screw 
threads and tolerances. Pheoll Mfg. Co., 
5700 Roosevelt Rd., Chicago, Ill. 


Motor Chart.—Bulletin. Comprises a com- 
prehensive motor application chart, illus- 
trating 29 different types of electric motors 
and listing the proper motor for over 50 dif- 
ferent standard applications. The Louis 
Allis Co., Milwaukee, Wis. 


Aluminum Welding.—Bulletin, 42 pp., The 
Welding of Aluminum. Describes correct 
application of different classes of welding 
to aluminum and its alloys. Riveting.— 
Bulletin, 26 pp. Describes the proper 


methods of joining aluminum by the rivet- 
ing process. Aluminum Company of 
America, Pittsburgh, Pa. 


Instrument Transformers.—Bulletin Ms 
IV/e. Describes a complete line of port- 
able instrument transformers of the pre- 
cision type available for use on higher volt- 
ages than generally offered on transformers 
of this kind. Precision potential trans- 
formers in ranges from 1 to 15 kv are also 
described. Herman H. Sticht & Co., 27 
Park Pl., New York. 


Transformers.—Bulletin, 4 pp. Lists vari- 
ous types of Ferranti transformers and 
chokes, applicable in the communication 
field, including those employed in connec- 
tion with the more commonly used types 
of new vacuum tubes introduced in the 
past year. The company has expanded 
its facilities for the design and production 
of quality iron core products. Ferranti 
Incorporated, 130 West 42nd St., New 
York. 


Pintype Insulators.—Bulletin 603H, 32 pp. 
Describes the complete line of O-B pintype 
insulators, strain insulators, fittings and 
pins. The book includes an interesting 
treatise on the design of pintype insulators. 
In addition, a new development in strain 
insulator fittings is outlined. The catalog 
numbers assigned to O-B insulators having 
larger top grooves are shown along with 
insulator characteristics such as mechanical 
strength, wet and dry flashover values, 
wet and dry leakage distances. Pin-hole 
data and recommended pin lengths are also 
given. Discussions pertaining to field prob- 
lems encountered in the construction of 
pintype lines are a part of the bulletin. 
Ohio Brass Co., Mansfield, O. 


Machinery Mountings.—Bulletin G-1, 60 
pp. Describes Kingsbury propeller shaft 
thrust bearings used in vessels of all sizes 
and for horizontal thrusts in heavy indus- 
trial machinery of various kinds. Engineer- 
ing data is given for applications of new 
standard thrust bearing and journal bearing 
mountings for horizontal shafts, ranging 
from 23/, inches to 231/, inches diameter. 
The Kingsbury thrust bearing, widely 
known in marine and public utility fields, 
carries its load on oil films formed over 
pivoted shoes that are copiously lubricated. 
Kingsbury Machine Works, Inc., 43820 
Tackawanna St., Philadelphia, Pa 


Relays.—Bulletin P-41. Describes the 
Dunco polarized relay, designed for operation 
where the direct current in the operating 
coils must be kept as low as possible, and 
where a reversal of the current in the operat- 
ing coils brings about a reversal in the con- 
tact arrangement, but where no contact is 
made when the coils are deénergized. It 
consists of a permanent magnet and two 
coils arranged to give a push-pull effect on 
the armature carrying the moving contacts. 
The strength of the permanent magnet is 
adjustable by a movable shunt. The posi- 
tion and tension on the moving contact 
member are adjustable, and the fixed con- 
tacts are also adjustable. This unit is one 
of a large variety of polarized relays now 
being built by this company for special 
applications. Struthers Dunn, Inc., 139 N. 
Juniper St., Philadelphia, Pa. 
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Jay invented 
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THE NEW’ PRESCRIPTION FOR 
HOUSE (WIRING NEEDS 


from weatherhead 
to meter—to range 


from pole 
to weatherhead 


Amerite Service Drop Cable 
—for service from Pole to 
Weatherhead. Insulated with 
Amerite, a Performance Test, 
long life rubber compound, pro- 
tected with non-migrating and 
alkali resisting ACE tape and 

American Steel & Wire Com- 
pany Armored Service Entrance 


Cable is a high grade cable 


carrying Underwriters approval. 


Weatherproof braid saturated 
with a compound of the type 
Research has proved superior. 


Twisted conductors prevent fes- 


Ne Especially designed for low cost, 
tooning with disintegrating 


ease of installation, good ap- 
braid, so possible with parallel 


pearance, long life and max- 


Pome ospocketss io) hold “mols- imum safety. It provides its own 


ture. Amerite Service Drop conduit consisting of heavy 


Cable has many advantages galvanized steel tape armor 


over the other two types of serv- covered with a flame resisting 
ice drop installation. Weatherproof braid. Cuts in- 
stallation costs. Requires only a 
standard Weatherhead, a 
squeeze connector and a few 
simple straps—no expensive 


pipe conduits necessary. 


DROP CABLE 


We also make various modifications of 
the above, including concentric types, 
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AMERICAN STEEL & WIRE COMPANY 


208 South La Salle Bere Chicago SUBSIDIARY OF aren US srares STEEL CORPORATION Empire State Bldg., New York 
94 Srcve treet, Worcester AND ALL PRINCIPAL CITIES First National Bank Bldg., Baltimore 
Pacific Coast Distributors: Columbia Steel Company, Russ Building, San Francisco Export Distributors: United States Steel Products Company, New York 
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-FERRANTI CLIP-ON AMMETER 


@ It is not necessary to disconnect or shut down the 
motor or transformer under observation if you have a 
Ferranti Clip-on Ammeter. The instrument is simply 
clipped around the cable or busbar and the current 
flowing in the conductor is seen at a glance. 


S T The meter is equally suitable for insulated or uninsu- 
AVES IME lated conductors and can be used with cables up to 214” 
in diameter. 
and MONEY 
The Clip-on Ammeter can be supplied in Single or 


QUICK Dual ranges with full scales of from 71% to 1000 
amperes. As the first division is 10% of full scale, 


ACCURATE currents from 34 to 1000 amperes can be accurately 
measured with a great saving of time. 
1 
SCALES 7 V2 to The standard instrument is of a dual range type 
1000 A\MPERES having full scales of 100 and 500 amperes, and is 


supplied in a solid leather, plush-lined carrying case 
equipped with lock and key, and with extension strap 


SINGLE for shoulder use. * 


and DUAL Write for descriptive literature 
FERRANTI ELECTRIC, Ltd. FERRANTI INCORPORATED FERRANTI, Ltd. 
Toronto, Canada 130 W. 42nd St. Hollinwood, England 
SE New York SURRY 
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PORTABLE ELECTRON 
OsCILLOGRAPH 


HIS is a new cathode-ray oscillograph contained 
in one compact assembly, ready for operation 


from the 115-volt, 60-cycle mains. 
screen of willemite and a 1000-volt electron beam. 


PRICE, $90.00 complete. 
Write for Bulletin EX-3306-E which describes the 


oscillograph in detail. Address General Radio 
Company, Cambridge, Massachusetts. 


It has a 3-inch 


eneral Radio 


MU 


60 Watt 


120 Watt 
Stock Sizes 


CONSTANT VOLTAGE 
for All Socket Power Devices 


LINE VOLTAGE 95 to 130, OUTPUT 115 + 1% 


A constant voltage is absolutely essential to the effective operation 
of many Socket-Power operated devices. Delta Voltage Regulators 
will maintain output voltage regulation within + 1% with any load 
and line voltage within their operating range. Embodying the 
latest developments of our laboratory under the direction of F. S. 
Dellenbaugh, Jr., they are compact, efficient and contain no moving 
parts whatever. Users include: General Electric Co., Bell Labora- 
tories, Federal Telegraph Co., Eastman Kodak Co. Western Union 
and many others, Write us for specifications, stating your problem 


DELTA 
VOLTAGE REGULATORS 


Entirely Automatic . 


250 Watt 


DO 


TTT 


. . Negligible Time-Constant 


mone 


Oe ee 


R DELTA MANUFACTURING co. 
39 OSBORNE ST 
CAMBRIDGE. MASS. 


(Gas Noes 4 £ yey Dellenbaugh, Jr., Pres. 
Cree ate and Chief Engineer 
Gentlemen: Please send me full particulars on the Delta Voltage Regulators. 


Se as ae es 
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1933 
Reference Index 


The Annual Reference Index covering the 
contents of ELECTRICAL ENGINEERING for the 
twelve issues of the calendar year 1933 
will be available for distribution after 


January 1, 1934. 


Free Upon Request 


To members of the Institute and to non-member 
subscribers to ELECTRICAL ENGINEERING one 
copy of this 1933 index will be mailed upon re- 
quest and free of charge. Additional copies 
will be charged for at the rate of 25 cents each, 
postpaid. 


In Convenient Form 


To make the Annual Index available in convenient 
form for those wishing to file it for reference, to 
make italso conveniently available for those wishing 
to include it in bound volumes of the 1933 copies 
of ELECTRICAL ENGINEERING, and to effect 
important economies in its production and distri- 
bution, the index is published again as a separate 
pamphlet and on especially durable paper. 


Edition Limited 


All members or subscribers wishing the 1933 
Reference Index should advise the A.I.E.E. Order 
Dept. immediately, by either letter or postal card, 
typing or carefully and clearly writing the name 
and full address. The edition of the index will 
be governed by the number of requests received 


by January 1, 1934. 


> 


American Institute of 


Electrical Engineers 
33 West 39th Street, New York 
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. and 


INSULATING 
EFFICIENCY 


is now under control. No more loosely handled 


supplies, or unheeding waste - - » Standardize on 
using GENERAL CABLE UNIT PACKAGES—each a 
complete but non-wasteful assortment of all neces- 
sary, matched supplies for splicing lead sheathed 
cables, whether rubber, varnished cambric or 
paper insulated - - - You will save materials, 


simplify storekeeping, and conserve man-hours 


in the shop and field alike. Investi- 


gate! .- + Your electrical wholesaler Of : a EE 


will supply you, or write us « « « « 


names an Insulating Compound 
which enjoys nation-wide prefer- 
ence for its convenience of use, 
and the consistent, high electrical 
efficency of joints, junction boxes 
Yes and terminals so sealed. OZITE B 

ee is the general purpose grade—for 
pS TEARINE normal temperatures and voltages 
Z, ee in to 25,000. It has ideal character- 
ft istics from both the electrical and 
field use viewpoints. It penetrates 
thoroughly at pouring tempera- 
tures. Ask for the Ozite Story. 


GENERAL CABLE CORPORATION 


420 LEXINGTON AVENUE, NEW YORK CITY e OFFICES IN PRINCIPAL CITIES 


~ 
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Standard Through-Bolt Guying 


Standard, we say, because this 
P133 Guy Hook is now standard- 
ized by five of the first ten leading 
operating light and power groups 
in the U.S. and Canada, and by 
many other smaller organizations. 
This P133 Guy Hook develops 
the full strength of 7/16” 16,000 
Ib. wire strand on 5/8” through- 
bolt, aided by 1/2” lag. Guy 
loop is made up on the ground, 
saving considerable labor in in- 


stallation of guy. HIGH VOLTAGE 
A variation of this unit, the P134 Crossarm INSULATI N G COMPOUN DS 


Type Guy Hook, omits the lower hole for 
lag, but is spread out with flat back for in- 
creased bearing on crossarm. Used for 


dead-end guying to crossarm through-bolt, etc., to C AB LE- PULL I N G 


capacity of bolt. 


Either P133 or P134 unit sells at $19.00 per 100, COMPOUND 


lower in quantity. 


Another addition to this line is an Eye Nut that sells for approxi- 


mately 10c in quantity, and tests without distortion in breaking 
5/8” special steel bolt at 18,000 Ibs. STATISCOPE 
Send for samples, or trial order, and Catalog featuring 


also Pole Mounts, Cable Messenger Clamps, Tubular MINERALLAC F.LECTRIC (COMPANY 


Pole Accessories, Crossarm Gains, etc. 


MALLEABLE IRON FITTINGS COMPANY 25 North Peoria Street 
Pole Hardware Dept. || pressag’carss ornce ] Branford, Connecticut 


New York Sales Office: Thirty Church Street CHICAGO, I LL. 
<ai> Canadian Mfg. Distributor: <a> 
LINE & CABLE ACCESSORIES, Ltd., Toronto 
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Science Abstracts 


All electrical engineers actively engaged in the 
practice of their profession should subscribe to 
“Science Abstracts.” 


Published monthly by the Institution of Electrical Engi- 
neers, London, in association with the Physical Society of 
London, and with the cooperation of the American Insti- 
tute of Electrical Engineers, the American Physical 
Society and the American Electrochemical Society, they 
constitute an invaluable reference library. 


AMERICAN BRIDGE 


COMPANY 


Subsidiary of United States Steel Corporation 


AOUTUUUOQUVONUUQU0O0OUUUTUUEEAUUNOUUUUU UU EA DANAE 


Through “Science Abstracts’”’ engineers are enabled to 
keep in touch with engineering progress throughout the 
world, as one hundred and sixty publications, in various 
languages, are regularly searched and abstracted. ‘Science 
Abstracts” are published in two sections, as follows: 


‘*A’”°—PHY SICS—deals with electricity, 
magnetism, light, heat, sound, 
astronomy, chemical physics. 


“BY’—ELECTRICAL ENGINEERING— 
deals with electrical plant, power 
transmission, traction, lighting, te- 
legraphy, telephony, wireless teleg- 
raphy, prime movers, engineering 
materials, electrochemistry. 


er TTT TT 
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66,000 Volt S. C. Line, Des Moines Electric Co. 


FABRICATED STEEL STRUCTURES 
TRANSMISSION TOWERS 


POWER HOUSES — SUB-STATIONS 


Through special arrangement, members of the A.I.E.E. may 
subscribe to ‘‘Science Abstracts’’ at the reduced rate of $5.00 for 
each section, and $10 for both. Rates to non-members are $7.50 for 
each section and $12.50 for both. 

Subscriptions should start with the January issue. The first 
volume wasissuedin 1898. Back numbers are available, and further 
information regarding these can be obtained upon application to 
Institute headquarters. 


General Office: Pittsburgh, Pa. . Offices In The Larger Cities 


PACIFIC COAST DISTRIBUTOR: EXPORT DISTRIBUTOR: 
COLUMBIA STEEL CO., SAN FRANCISCO U. S. STEEL PRODUCTS CO., NEW YORK 


American Institute of Electrical 
@ Engineers 
33 West 39th Street, New York 
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We'll be glad to send you your copy 
of this folder if you haven’t already 
had it. It gives full particulars of 
these improved clamps and is just 
the right size to fit in your current 
Locke catalog. 


LOCKE 
PORCEHIAIN 


LOCKE INSULATOR CORPORATION 
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--- and we've improved 


too. 


Ten minutes after Fred Locke took the 
first wet process porcelain insulator out of 
his homemade kiln improvements started. 
And they’ve been continuous ever since. 
Improved transmission methods have 
always found improved insulators wait- 
ing for them. 


Now we’ve modernized the clamps for 
you. Weve taken away the excess size 
and the excess weight and in every way 
fitted them for the modern transmission 
line. Every principle that decades of 
experience has proved is included. They 
are strong, smooth to prevent corona for- 
mation, and they hold a conductor as a 
conductor should be held—without possi- 
bility of strain or kink. 


There are ten in the series covering every 
conductor size generally used. Don’t 
overlook them when you start that next 


job.” 


INSUIATORS 


BALTIMORE, MARYLAND 


| A 
( 


On standard voltage industrial equipment, as well as in other more specialized fields 
of application, National Pyramid Brushes have held a position of leadership for the 
past half century. This leadership has been maintained by constant progress in brush 
manufacture—by keeping pace with advances in the design of electrical equipment. 


TO REDUCE OPERATING AND MAINTENANCE COSTS 


MEMBER 


ADOPT NATIONAL DATA SYSTEM SERVICE ss 


NATIONAL: CARBON COMPANY, 


‘WE DO OUR PART 


INC. 


Carbon Sales Division, Cleveland, Ohio 


Unit of Union Carbide (ae and Carbon Corporation 
NEW YORK 


BRANCH SALES OFFICES: 


PITTSBURGH 


Employment Bulletin 


Ebgincering Societies | Beal bs erecsst Service 


MAINTAINED by the national societies of civil, 
mining, mechanical, and electrica! engineers, 
in cooperation with the Western Society of Engineers, 
Chicago; California Section of the American Chemical 
Society; Engineers’ Club of San Francisco; and the 
Society of Naval Architects and Marine Engineers. 
An inquiry addressed to any of the three offices will 
bring full information concerning the services of this 


bureau. 
Men Available 


GRAD E.E., M.E., with 7 yrs exper pwr house 
and automatic R R substation layout, past 3 yrs 
in sales dept of internationally known mfg concern. 
French, German, Russian, Spanish. C-4892. 


GRAD EUROPEAN UNIV, citizen, 37, mar- 
ried; research work elec, mech, biggest Am. corp; 
inventive ability; 5 yrs devpmt practical applica- 
tion sound film. Speaks fluently German, 
French, Italian, Spanish, some Russian. C-2505. 


CONSTR, MAINTENANCE ENGR, 39, 
married, 17 yrs diversified exper all branches, eqpt 
to central stations, substations, indus plants, etc. 
Yr each oprtg, distr, transm. Speaks several 
languages. S A exper. C-2021. 


E.E., thoroughly exper pwr generation, distr, 
and in maintenance of elec eqpt desires pos as elec 
supt or chief electrician. Univ. grad, married, 
available. Location preferred, East, Central or 
South. B-1923. 


PRACTICAL ELEC CONSTR FOREMAN, 
35, single. Desires work along elec constr and 
maintenance lines. Pwr plant, indus, commercial 
constr field, 15 yrs. Location immaterial. Avail- 
ableimmed. D-2671. 


B.S. YALE, one yr d-c des and test, 4 yrs 
devpmt and application of outside plant hardware 
at Bell Lab. D-1305. 


ELEC DES, 33, married, equivalent of col 
education; 15 yrs exper automatic ry substations, 
4 ky. to 230 kv. substations, hydroelec, steam pwr 
plants, low tension network systems. B-8628. 


A weekly bulletin of engineering positions open is 
available to members of the cooperating societies at a 
subscription of $3 per quarter or $10 per annum, pay- 
able in advance. Replies to the following announce- 
ments should be addressed to the key numbers indicated 
and mailed to the New York office with 2 three-cent 
stamps for forwarding and return of applications. 


TECH GRAD, 33, 9 yrs des and supervision 
instal mech eqpt bldgs, numerous mech elec pa- 
tents, expert draftsman, exper devpmt indus 
processes and automatic machines for increasing 
production. D-2664. 


JUNIOR E.E., 22, single, B.S. in E.E., 1932, post 
grad work, elec transients. Interested in des, fault 
study, transients in pwr eqpt, transm lines, distr 
i atohate N. Y. preferred. Available immed. 
D-1485. 


E.E., B.S., 1933, D.I.T. codperative course, 25, 
single. Desires any type of work in the elec line. 
Ref. Location and salary immaterial. Available 
immed. D-2650. 


E.E., R.P.1., 1933, single, 22. Some exper in elec 
refrigeration service. Industrious; best ref. Any 
location, any type of work. Available immed. 
D-2657. 


E.E., B.E., Johns Hopkins, 1932, one yr grad 
work; 25, single; honor grad, member Tau Beta 


Pi. Reads tech French, German. Expert stenog- 
rapher. Desires pos affording engg experience and 
advancement. D-2599. 


E.E., B.S., Univ of Ill, 1933, single. Some wiring 
and meter work, and research. Any type of pos 
considered. Hard worker. Salary secondary. 
Familiar with lighting-problems. D-2676. 


E.E., B.S., Univ Wis, 1933, single, 23. Good 
scholastic record. Majored in transm and distr; 
3 mos exper on high tension line constr. Salary 


secondary, location immaterial. Available immed. 
D-2674. 


SAN FRANCISCO 


CHICAGO 


COM ENGR, E.E., B.S., Kansas State College, 
730. -Bell Tel Lab, tech staff, 2 yrs. Grad study 
util. Broad knowledge com field in addition to 
tech knowledge. Interested col teaching. C-3028. 


ELEC-MECH-AUTOMOTIVE ENGR, univ 
grad, 27, desires opportunity originate new busi- 
ness China, other country. Hydro-elec irrigation 
systems, large agricultural devpmts, electro-physics, 
neon tubing, etc., geophysical surveys. C-7026. 

E.E., E.E. deg, 14 yrs utilities, engg firms 
covering engg des, valuation pwr plants sub- 
stations, transm lines. Exper covers stability 
analysis, load distr, rate investigations. Available 
immed. C-9570. 


E.E., grad Cornell; 14 yrs exper engg devpmt 
and patent matters. Qualified to organize patent 
dept for mfr in mech, elec or radio field to effect 
economy in patent expenses. D-2665. 


E.E., Univ. Cincinnati, 33, married; 15 yr. 
Bell System exper bldg engg and constr, tel eqpt 
(manual and dial) engg and instal, 8 yrs super- 
visory capacity. Cost study, budget, appraisals. 
D-2666. 


E.E. GRAD, 1920; 12 yrs plant extension exper 
with Bell System. Availableimmed. D-1617. 


EXEC ASST. E.E., Am., 40, married. Over 20 
yrs practical exper indus field including 2 yrs 
Westinghouse test floor; 71/2 yrs exec training. 
Good imagination, vision. Location immaterial. 
Available immed. D-1833. 


ENGR, 31; 12 yrs Bell System, Govt plant, 
field exper sound pictures, radio, tel (manual, dial, 
repeater, carrier current) systems. Des, devpmt 
manual, automatic elec testg eqpt. Indus applica- 
tions electron tubes. C-9376. 


PRACTICAL ELEC MAINTENANCE, 
CONSTR FOREMAN, single, 32, desires work 
along elec maintenance, constr lines; 14 yrs prac- 
tical exper erection, constr, maintenance of indus 
plants, So. Am. mining exper. Speaks Spanish, 
German. C-2101. 
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Years of service have proven Ee 
INSTRUMENT LITTELFUSES = 
protect instruments. 
stock sizes—1/100 to 2 amps., 
LITTELFUSES are 
also made in 1000, 5000 and 
10,000 volt ranges. 


250 volts. 


Eleven 


SUEUCOEDELACAELEACUEREAADO DEGREE OENEUEDEEUEUAUOCOEUROEAOROEOEOOCOEOEUOEONDECUVEDOLAOUEO EEA EO EROEUOLEVOEOEO EEE UCOE UL OEN EEO EEL 


DESIGN — 
DEVELOP — 
PRODUCE — 


CL ponatespealbe deere nceany,"| 


ELECTRIC SPECIALTY CO. | 
Engineers and Manufacturers if 


ILLINOIS 


222 South St., STAMFORD, CONN., U.S.A. 


HUOSUATLUGUOOEGEOOONNEUEEOOEETOOOUHUOOOEEEOTEREOUOROOGUEROOOEONOUUEOUOENUQVOEONOUEOOOUSEOOAEOOOGUEOOUOROOTOOOUOGERTOOEOOCOEROOOEOOEOEOROEEROEUENOOUEEROT ROOT RBOUEEEOUGEEOU EsNA DEER 
/WANCANUEUADYEUEAAUNOUELUDOONDEUOOOELUUOEDELEDODGHUEOOROEOEEEOEGOLECUEUAUOU OSU NOOO EOOnORNEUEUOEOCQAOVEUEHOEOELOONEVEVEEOONENOIOEOEOEOOUAEHOLAOOELAUELEGEDOEUERGEOROREHERLOREDENEEREOEORTNERETOnNereE 


Please mention ELECTRICAL ENGINEERING when writing to advertisers 


Motors, Generators, Motor Generators, 
Rotary Converters, Dynamotors, 
Gasolene Engine Generator Sets 

FOR SPECIAL PURPOSES—Send Us Your Problems 


é 
z 
= 


= 
& 


= 


eo) 
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o be without 4 


son calls up to 


telephone- 


chat with me- 


That is the prightest 


THERE are many fine things in life that we take almost 
for granted. Health, water, sunlight, green fields, loyal 
friends, a home to live in... . Not until some mischance 
deprives us of these priceless possessions do we learn 
to esteem them at their true value. 

It is in much the same manner that most people re- 
gard the telephone. Millions of men and women have 
never known what it is to be without one. Each day, 
each week, each year, they use it freely, casually, as 
a matter of course. 


The telephone has won an important place for 


AMERICAN TELEPHONE AND 
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itself in life and living because of service rendered. To 
keep friend in constant touch with friend, to help 
manage a household smoothly and efficiently, to give 
larger scope and opportunity to business of every kind, 
to protect loved ones in time of unexpected danger 
... this is the task of the telephone. 

It stands ever ready to serve you —to carry your 
voice and your words to any one of millions of other 
telephones in this country or in foreign lands. You 
are in touch with everything and everybody when you 


have a telephone. 


TELEGRAPH COMPANY 


Have Your 


OR the convenience of those readers wishing 


1 Y 3 3 C re) & i es to preserve their copies of ELECTRICAL ENGI- 


NEERING for the year 1933, the Institute is prepared 
re oun ol In to perform this service at cost ($3.00 plus foreign 


One Volume! dary 


The proposed service involves (1) the shipping to 
the Order Department, A.I.E.E., 33 West 39th 
Hearical 


Street, New York, of the 12 issues* of Vol. 52 
(1933), shipping charges prepaid by the sender; (2) 
the binding of these 12 issues into one volume, 
neatly and durably, in a style similar to that used 


leeetpunceriec 


on the 1932 volume and for some time employed 
for the cloth bound Transactions; (3) the return 
shipment of this bound volume prepaid by the 
Institute. 


* Within the limit of availability the Order Dept. will supply missing 
Published by issues at 50 cents each to members, $1 each to non-member subscribers. 


an Institute 


of “Ele cdl Engineers. New York 
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‘THE OKO 


THE OKONITE-CALLE 


Factories: Passaic, N. J 


SAL 


OKONITE QUALITY CANNOT BE WRITTEN INTO A_ SPECIFICATION 


E.xtra Safety IN ALL 


Code, Intermediate, 30%—in all Roebling rub- 
ber-insulated braided wires and cables you will 
find an extra margin of safety and dependability. 
All are made to exacting specifications that ex- 
ceed the requirements of the National Board of 


Fire Underwriters. 


You can install these wires and cables with full 
confidence that their service will be lasting. 


They are strictly high quality products. 


Quick Roebling Service is available at all offices 


ELECTRIC WIRES iH () F 


and warehouse points listed below, where large 
stocks of a wide variety of standard Roebling 
wires and cables are carried. Your request for 
further information, prices or samples would 


be welcomed. 


Rubber Covered Wires and Cables : Braided and Leaded : Code; Inter- 

mediate; 30% » Power Cables : Paper; Cambric; Rubber » Slow-burning 

Wires and Cables » Weatherproof Wires and Cables » Parkway Cable 

» Police-Fire Alarm Cable » Portable Cords » Magnet Wire » Annun- 
clator Wire » And a wide variety of other wires and cables. 


JOHN A. ROEBLING’S SONS CO. + TRENTON, N.]J. 


Atlanta Boston Chicago Cleveland Los Angeles New York Philadelphia 
Portland, Ore. San Francisco Seattle Export Dept., New York, N. Y. 


| | N ( AND CABLES 


